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The quenching of the 2E state of CrL33+ (where L - 2,2'-

bipyridine, 1,10-phenanthroline and their substituted

analogues) by oxalate ions and by the organochromium complexes

L'CrR 2+ (where 5' = [15]aneN 4 and R = primary alkyl, secondary

alkyl, ar_lalkyl) was studied. Also investigated was the

reactions of the _rganochromiums with Ru(bpy)33+. Both

formation _ CrL32+ and the loss of *CrL33+ can be monitored

conveniently enabling the determination of the kinetics as

well as the products of the reaction.

The reaction of oxalate ions at.neutral pH with the

excited chromium polypyridyl complexes is an electron transfer

process as shown by the trend in rate constants with the one

electron reduction potentials of the various *CrL33+ species.

The quenching reaction apparently proceeds via an ion-pairing

pathway. A reactive species is produced in the quench which

either produces another equivalent of electron transfer



products or a secondary transient depending on the identity of

the chromium polypyridyl complex.

Reaction of the *CrL33+ with the organochromiums appears

to be an electron transfer process based on the reactivity

pattern in varying the chromium polypyridyl (and consequently

the potential) as well as the trend in varying the organic

moiety of the L'CrR 2+. This last reactivity pattern is that

observed in the reactions of the organochromiums and the good

3+. Oneouter sphere electron transfer agent, Ru(bpy) 3

electron oxidation of L'CrR 2+ produces an unstable species

which may undergoe a one electron reduction (back electron

transfer) or homolyze producing organic radicals.
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GENERAL INTRODUCTION

Recently the photochemistry of chromium polypyridyl

complexes has been of much interest. The excited states of

these species are both good energy t_ansfer agents and good

oxidizing agents.

In Part i the kinetics and mechanism of the quenching of

the excited state of chromium polypyridyl complexes is

discussed. Quantum yields for the formation of the reduced

chromium polypyridyl complexes are used as well to assist in

the determination of the mechanism of the reaction.

Part II concerns the reaction of the excited state of the

chromium polypyridyl complexes with the organochromium

complexes, [15]aneN4CrR 2+ and attempts to answer the question

of the type of qul_nching process occurring--energy or electron

transfer. As a comparison, the rate constants for the

electron transfer reaction of Ru(bpy)3 3+ with the

organochromiums are also presented.

t
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PART I KINETICS AND MECHANISM OF THE

QUENCHING OF *C'rL3 3+ BY OXALATE



INTRODUCTION

There has been much recent interest in the photochemistry

and photophysics of transition metal polypyridine complexes

due to the possibility of their use in solar energy conversion

systems. The excited state of these compounds are known to

undergo useful electron transfer and energy transfer

reactions. 1

The doublet excited state (2E) of CrL33+ complexes have

been shown to possess relatively high reduction potentials. 2

This coupled with the fact that the excited states are

somewhat long lived makes it possible to study the electron

and energy transfer reactions of the excited state. The

lifetime of *Cr(bpy)33+ was measured to be 0.Ii msec 3 while

that of *Cr(phen)33+ was measured to be between 0.25 msec and

0.42 msec under various conditions, 3,4,5

Quenching of the excited state of CrL33+ complexes via an

electron transfer pathway creates the possibility of

conveniently studying the subsequent.reactions of CrL32+.

Recently, it was found that oxalate ions _ and the disodium salt

of ethylenediaminetetraacetic acid quench the excited state to

produce CRL32+.6 The quenching does not occur in acidic media

implying that the doubly deprotonated species are the

quenchers in the reaction.

This work attempts to elucidate the mechanism of the

quenching of *CrL33+ (where L = 2,2'-bipyridine, 4,4'-

dimethyl-2,2'-bipyridine, 1,10-phenanthroline, 5-chloro-
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1,10-phenanthroline, 5-methyl-l,10-phenanthroline ) by oxalate

ions in neutral pH. Evidence suggests an ion-pairing pre-

equilibrium followed by :ate limiting electron transfer to

produce CrL32+ and CO2-. The CO 2- can then react with ground

state chromium(III) species toproduce another mole of the

reduced product or it can produce a secondary transient as in

the case of phenanI:hroline and substituted phananthroline

2+
complexes. The secondary transient reacts to produce CrL 3

in a subsequent reaction.



5

EXPERIMENTAL

l_ea_ents

[Cr(2,2'-bpy)3][CIO413'i/2H20 was made by a modification

of the literature procedure 2. Cr(CIO4)3'xH20 was dissolved in

0.1 M HCIO 4. This was reduced to Cr 2+ electrolytically at

-1.77 V versus a calomel electrode. The Cr 2+ solution was

transferred air-free to a suspension of 2,2'-bipyridine in 0.1

M HCIO 4 instantly producing a purplish-black solution. A

small amount of saturated aqueous Br 2 was added until the

color changed to yellow. The product was precipitated by

addition of sahurated LiCiO 4. After collecting the

precipitate, the solid was redissolved in water and extracted

with chloroform to remove any free bipyridine. The final

solid product was obtained by precipitation using saturated

NaClO 4. The purity of the compound was checked spectroscop-

ically (8400 = 980 M-lcm -I 7; exp. 8400 = 930 M-icm -I) and by

measurement of the excited state lifetime. 8

The chromium complexes of 1,10-phenanthroline, 5-chloro-

1,10-phenanthroline, 5-methyl-l,10-phenanthroline and 4,4'-

dimethyl-2,2'-bipyridine were gifts from C. Simmons and

K. Zahir. These complexes will later be referred to as

Cr(phen)33+ Cr(Clphen)33+ Cr(Mephen)33+ and Cr(Me2bpy)33+, , f

repectively.

A stock solution of Ti 3+ was made in the standard manner. 9

Titanium sponge was dissolved in 3.3 M HCI under anaerobic
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conditions. The concentration of Ti 3+ was determined

spectroscopically (kma x - 502 nm; 8 = 3.9 M-icm-l).

The Fe 2+ stock solution was made by dissolving ferrous

ammonium sulfate in 1 M H2SO 4 and treating with zinc amalgam

to remove any trace Fe 3+ which may have been present.

All other materials, such as Na2SO4, Na2EDTA and Na2C204

were reagent grade obtained from Fischer and used as purchased

without prior purification. In some cases sodium oxalate was

recrystallized from water prior to use; however, this made no

difference in the results.

Photochemical experiments ,

The laser system used for all flash photolysis experiments

was that described previously. I0,II The excitation source was

a Phase-R model DL-II00 pulsed dye laser. Two dyes were used

in this work. Coumarin 460 (1.5 x 10 -4 M in methanol)

i
emitting at 461 nm (range 448 nm to 489 nm) and LD423(2 x 10 -4

M in methanol) emitting at 426 nm (range 415 nm to 447 nm)

were used.

Kinetics

The kinetics of ali the reactions were performed using a

Phase-R DL-II00 dye laser system with a Nicolet oscilloscope

interfaced to an Apple II-e computer.

The kinetics of the quenching of the excited state was

followed by monitoring the decay in emission at 727 nm for the

2,2'-bipyridine complex or 728 nm for the other polypyridine
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oomplexes. All quenching reactions were done under pseudo

first order conditions irl which the quencher concentration was

in a large excess over the excited state concentration and the

kinetics showed first order decays.

The kinetics of the decay of the secondary transient was

followed by monitoring the decay in absorbance at 605 nm from

the point at which quenching was almost complete (7 to 12

microseconds depending on the complex). In these experiments

a high quencher concentration was employed in order to

facilitate the quenching process. The rate of decay of the

secondary intermediate produced in the quenching of the

blpyridine complex by EDTA 2- was determined as well as for

those produced by the quenching of the 5-chloro-l,10-phen-

anthroline and the 1,10-phenanthroline complex by oxalate and

EDTA 2- .

Spectra of the secondary transient an___dfinal produc t

The spectra of the secondarytranslent and final product

were determined for the case where the excited state of the

5-chloro-l,10-phenanthroline complex was quenched by oxalate

and EDTA 2-. The absorbance of the secondary intermediate was

taken to be that observed 8 flsec into the absorbance-time pro-

file (the point at which the quenching was complete according

to emission measurements) and the final product absorbance was

that residual absorbance found after the reaction was

completed.



Quantum yields

The quantum yield for the formation of the chromium(II)

product was determined as a function of the ground state con-

centration for the 2,2'-bipyridine, 5-chloro-l,10-phenanthro-

line and 4,4'-dimethyl-2,2'-bipyridine complexes.

In the case of the 2,2'-bipyridine complex the amount of

excited state formed in the flash was determined by monitoring

the absorbance at 445 nm (_ -3.0 x 103 M-icm -I 12) in the

absence of quencher (oxalate) since the chromium(II) product

formed in the quench has an extinction coefficient of 3.42 x

103 M-icm -I at 445 nm 13. The concentration of the

chromlum(II) produced was determined from the absorbance at

560 nm (e = 4.81 x 103 M-icm -1 13).

A similar procedure was used to determine the quantum

yields for formation of the chromium(II) complex produced in

the quenching of the excited states of the 5-chloro-l,10-

phenanthroline and the 4,4'-dimethyl-2,2'-bipyridine complexes

by oxalate. Although the spectra of.the excited state of

these two complexes have appeared in the literature, no values

have been determined for their extinction coefficients 8 thus

before determining the quantum yields, the extinction coeff-

icients for the excited state complexes were determined. In

the determination of the quantum yields and extinction coeff-

icients of the excited state complexes, the following values

of the extinction coefficients for the chromium(II) products
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were used_ Cr(Clphen)32+ , 3.0 x 103 M'icm'l(Ima x 480 nm),

Cr(Me2bpY)32+, 4.5 x 103 M-Icm'l(Ima x 560 nm) 13,

The extinction coefficient for *Cr(Clphen)33+ was

determined in the following manner. The absorbance of the

excited state was determined at three wavelenghts(490 nm, 510

nm,and 545 nm). The amount cf Cr(Clphen)32+ formed by the

quenching of the excited state by Fe 2+, Ti 3. and

Co([14]aneN4 )2+ was determined at 480 nm. These reagents are

believed to quench the excited state by a single electron

transfer mechanism. 6,14,15 If the quenching is quantitative,

one can dete'_mine the extinction coefficients for the excited

state. These values are listed in Table I-l.

The extinction coefficient determined for *Cr(Me2bpy)33+

* 3+ There is ais not as well defined as that for Cr(Clphen) 3 .

return electron transfer reaction after the initial quenching

reaction in both the Fe 2+ and Co([14]aneN4 )2+ cases:

CrL32+ + Fe 3+ > CrL33+ + Fe 2+ (i)

CrL32+ + Co([14]aneN4 )3+ > CrL33+ + Co([14]aneN4 )2+ (2)

These return electron transfer reactions are moderately slow

in the case of other chromium polypyrldine complexes such as

the Cr(Clphen)32+. The quenching reactions also are faster

for chromium polypyridine complexes other than *Cr(Me2bpy)33+.

These two facts coupled together thus prevent the use of Fe 2+

and Co([14]aneN4 )2+ in the determination of the extinction

coefficients of the excited state of Cr(Me2bpy)33+. However,

the Ti 3+ quenching reaction was used to determine the
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extinction coefficient of the excited state of the 4,4'-,di--

methyl-2,2'-bipyridine complex at 445 nm (4,72 x 103 M-icm-l).
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RESULTS

Kinetics o_f quenching _ oxalate ion____s

Concentrations and observed rate constants for all

reactions studied wall not be displayed here, but rather ar_

collected in the tables of the Append_ix.

As mentioned earlier, the rates of quenching were deter-

mined by monitoring the decrease in the emission signal of the

excited state of the chromium complex with time. _ The rate of

quenching as a function of the oxalate ion concentration for

trials in which the ionic strength _as due only to the amount

of oxalate and those in which the ionic strength was main-

tained with sodium sulfate at 1.0 M or 2.0 M are shown in

?igures I-i and I-2. For these sets of the data, the initial

concentration of Cr(bpy)33+ was 3.29 x 10-4 M. At non-con-

stant ionic strength the characteristic curvature of a pre-

equilibrium, in this case an ion-pairlng equilibrium is

observed. At the constant ionic strength trials, slight

curvature is also visible. This may,be due to quenching of ,

*Cr(bpy)33+ by Cr(bpy)32+. An upper limit for the quenching _

of the excited state by the reduced chromium species was found

to be 5 x 109 M-Is-I. 6

2+ isAS further confirmation that quenching by Cr(bpy) 3

occurring, the quenching by oxalate was studied as a function

of the initial ground state concentration at constant oxalate

conce_%tration. A plot of the data is shown in Figure I-3 and
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as can be seen the observed rato constants increase with

increasing amount of the chromium complex.

The observed rate constants as a function of the oxalate

3+
concentration were determined at low levels of the Cr(bpy) 3

concentration. This was done in an attempt to minimize the

quenching by Cr(bpy)32+. Again the _ate constants were

determined at non-constant and constant ionic strength(y- 0.75

M and 2.00 M). The plots of the data are shown in Figures I-4

and I-5 respectively and the kobs values at each concentration

are presented in Table A-5 to A-7. In the case of non-

constant ionic strength curvature is again observed; however,

the constant ionic strength plots of kob s versus the oxalate

concentration are now linear.

In the plot for the non-constant ionic strength trials

data were fitted using a non-linear least squares analysis

assuming an ion-pairing mechanism, such thatz

2"

ko + kC KI[C204 ]
_u_

- (3)k°bs i + KI[C204

where K 1 is the ion-pairing constant and kC is the rats

constant for quenching the ion-pair and ko is the sum of the

rate constants for oxalate independent loss of the excited

statez

*CrL33+ • .......> CrL33+ + h_ (4)

*CrL33+ - > CrL33+ + _ (5)



The ion-pairing constant is a funct_,on of the ionic strength

and at each oxalate concentration its value was calculated

using the Fuoss equation 16,17z

K - 4KN_3 -w(_!._3000exp(--1-_,) (6)

where z

2
ZlZ2e

w(_) - ........Dsc'(_....+......_c,_i)• (_)

andl

BriNe2 1/2
. (I_00DkT) (B)s

In the above equations, D s is the all.electric constant of,,the

solvent,, _ is the ionic strength, Zll"and Z 2 are the charges of

the ions involved and e is the distance of closest approach in

cre. All other symbols have the standard meaning. The

distance of closest approach was taken to be the sum o.i,;the

radii of Cr(bpy)33+ and oxalate. The radius of Cr(bpy)33+ was

taken to be similar to that of Ru(bpy)32+ or Co(bpy)33+ which

are estimated to be about 6.8 AI'7,18, and oxalate was taken tc,

be about 2.0 A 19. using these calculated ion-pairing

constants as well as the data and a non-linear least squares

program, the curve shown in Figure I-4 was obtainc_d. Non-

linear least squares analysis yielded the following results_

kC = (1.46+0.03) x 105 M-is -I, ko - (2.13u_0.12) x 104 s-1.

In the case of the constant ionic strength trials, the

rate law for the quenching of the excited state has the forml
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Rate = (kA + kB(C2042"])[*cr(bpy)33+] (9)

This is valid as well for the quenching of the excited states

of the other polypyridine chromium complexes by oxalate. Rate

constants for the quenching of the excited states of

Cr(Clphen)33+ , Cr(Mephen)33+, Cr(phen)33+ and Cr(Me2bpy)33+

were also determined as a function of the oxalate conc-

entration at constant ionic strength (_ - 0.75M). The data

are plotted in Figure I-6. Table I-2 summarizes the second

order rate constants (kB) obtained from the slopes of the

lines in the above mentioned plots. Also listed are the

fitted values of the intercept(k A) as well as the experimental

values determined in the absence of oxalate.

Quantum yields

The quantum yields for the formation of CrL32+ were

determined for the bipyri4ine complex, the 5-chloro-l,10-

phenanthroline complex and the 4,4'-dimethyl-2,2'-bipyridine

complex. The data, including the amounts of CrL32+ formed as

well as the concentration of *CrL33+ ,are presented in the

Appendix in Table A-12.

The quantum yield was determined as a function of the

initial (prior to the flash) ground state concentration. The

results for the bipyridine complex are presented in Table I-3.

Also listed in Table I-3 are quantum yields determined from

kinetic simulations using the experimental concentrations and

the following approximate scheme:

*CrL33+ + C2042- ....> CO 2- + CO 2 + CrL32+ k a (I0)
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CrL33+ + CO 2" ---------> CO 2 + CrL32+ kb (ii)

*CrL33+ + CrL32+ .......> CrL33+ + CrL32+ kc (i2)

*CrL33+ ..............> CrL33+ + h_ or _ kd (13)

*CrL33+ + CrL33+ ...... > 2CrL33+ ke (14)

The values for the rate constants used in the simulation were

as follows. The value for the quenching by oxalate (k a) was

taken to be equal to KkB where kB is an experimental quantity

and K was calculated as before taking into account the ionic
q

strength at which the quantum yields were determined(kBK -

1.61 x 106s-i). The rate constant for the quenching by CrL32+

was taken to be 5 x 109M'Is -I which is that determined

previously 7. The rate constant for the reaction of CO 2- with

CrL33+ was taken to be 2 x 1010M-is -I. This last value was

used since in the quenching by oxalate there is no apparent

buildup of CO2-. Also such large rate constants are not

unheard of for CO 2- reactions. For example, CO 2- reacts with

Co(bpy)33+ with a rate constant of 7.6-7.8 x 109 20,21 and

with Rh(bpy)33+ with a rate constant.of 6.2 x l09 22. Lastly,

the value for the deactivation of the excited state (kd) was

taken to be 2 x 104s -I and that for ground state quenching

(k e) of the excited state was estimated to be I x 106M-is-l.

Although the ground state quenching rate constant is not known

for the oxalate-Cr(bpy)33+ system, it appears that in other

systems the ground state quenching rate constant is

approximately this order of magnitude(*Cr(bpy)33+ in 1 M NaC1

is 1.6 x 106 3 and in 5 M HCI it is 1.3 x 106 5). The ground
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state quenching term may not really be of significance in this

system; however, it is included for completeness. In the

absence of quenching by CrL32+ a quantum yield of 2 would be

anticipated. However, due to the fact that CrL32+ quenches

the excited state a decline in quantum yield below 2 is

experimentally observed as the concentration of the ground

state is increased. Quantum yields calculated using kinetic

simulations also show a decrease as the concentration of the

ground state _s increased.

The values for the quantum yields for the formation of

the Cr(Clphen)32+ are shown in Table I-4. The quenching of

the excited state of the 5-chloro-l,10-phenanthrollne complex

by oxalate is approximately a factor of twenty greater than

that for the bipyridine complex and thus the CrL32+ quenching

reaction should be of less importance. Since the rate of

quenching by Cr(bpy)32+ is near diffusion control the rate

2+ cannot be muchconstant for the quenching by Cr(Clphen) 3

larger. Over the range of ground state concentrations studied

the quantum yields are steady at a value of 2.1. The

quenching of this complex is complicated by the presence of an

intermediate; however, as will be shown later this should not

effect the quantum yields.

The quantum yields determined for the 4,4'-dimethyl-

2,Z'-bipyridine complex are presented in Table I-5. The rate

constant for the quenching of this complex is the lowest of

those studied in this work. The quenching of the excited
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state by the chromium(II) species would be predicted to be

most important here. The quantum yield for formation of

Cr(Me2bpy)32+ over the range of ground state concentrations

studied is significantly less than two.

Spectrum and kinetics of the secondary transient

Quenching of the excited state of the 1,10-phenanthroline

and substituted phananthroline complexes by oxalate ions and

EDTA 2- and of the 2,2'-bipyridine complex and its substituted

analogs by EDTA 2- produce a secondary transient which has a

broad absorption spectrum in the region 520nm to 660nm. A

transient was not observed in the case of the quenching of the

2,2'-bipyridine complex or 4,4'-dimethyl-2,2'bipyridine byi

oxalate ions. The EDTA 2- reactions were studied in an attempt

to elucidate the mechanism in the oxalate case and to possibly

shed some light on the structure of the intermediate since
L

previously it was found that oxalate quenching was similar in

several respects to quenching by EDTA 2-.

The spectrum of the secondary intermediate as well as the

final product of the reaction was determined for the quenching

of the excited state of the 5-chloro-l,10-phenanthroline

complex by oxalate and EDTA 2- and are shown in Figures I-7 and

I-8 respectively. The secondary transient in both cases look

quite similar. The final product in both cases appears to be

Cr(Clphen)32+ as their spectra are very similar to that

observed previously in which the Cr(Clphen)32+ was prepared

pulse radiolytically. 13



18

The secondary transient decays by a process whose rate is

dependent on the ground state concentration. The observed

rate constants for the loss of the secondary intermediate at

various ground state concentrations was determined at 605 nm

for the 5-chloro-l,10-phenanthroline complex with EDTA 2- and

oxalate, for the 2,2,-bipyridine complex with EDTA 2- and for

the !,10-phenanthroline complex with EDTA 2- and oxalate. The

tables of rate constants are contained in the Appendix.

Figures I-9, 1-10 and I-ll are plots of the observed rate

constants versus the ground state concentration. A tabulation

of the second order rate constants (k2i) obtained from the

slopes of these plots is presented in Table I-6. Also listed

in the table are the intercepts (kli).

Whether one or more intermediates are produced in the

reaction is shown in Table I-7. This is a listing of observed

rate constants determined at several wavelengths in which the

secondary transient for the reaction of *Cr(Clphen)33+ with

oxalate has a significant absorption., The rate constants are

thesame within the experimental error at each of the

wavelengths studied. The wavelengths chosen were chosen such

as to encompass most of the broad absorbance range of the

intermediate. Owing to the constancy of the rate constants

over the range it can be concluded that there is only one

intermediate in the reaction of the 5-chloro-l,10-

phenanthroline complex with oxalate.
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DISCUSSION

Mechanism for the _[u_e__nching of *Cr(b_)33+ b_.[oxalate

The mechanism for the quenching of the excited state of

Cr(bpy)33+ will first be discussed for the cases in which the

initial ground state concentration was low (~10 -5 M).

The shape of the plot of kob s versus the oxalate

concentration at non-constant ionic strength suggests a pre-

equilibrium followed by electron transfer to produce

Cr(bpy)32+ and CO2-.

Cr(bpy)33+ + h9 ........> *Cr(bpy)33+ (15)

*Cr(bpy)33+ + C2042- *Cr(bpy)33+IC2042' (16)

*Cr(bpy)33+IC2042- > Cr(bpy)32+ + CO 2- + CO 2 (17)

*Cr(bpy)33+ > Cr(bpy)33+ + h_ + _ (18)

*Cr(bpy)33+IC2042- > Cr(bpy)33+IC2042- + h_ + _ (19)

The CO 2- produzed in the quench now reacts with another mole

of Cr(bpy)33+:

Cr(bpy)33+ + CO 2- > Cr(bpy)32+ + CO 2 (20)

It is also possible to includ_ other ,steps for completeness;

one may include for example ion-pairing prior to excitation

and excitation of the ion-pair:

Cr(bpy)33+ + C2042- , ....> Cr(bpy)33+IC2042- (21)

Cr(bpy)33+IC2042- + h_ > *Cr(bpy)33+IC2042- (22)

However, these are relatively inconsequential to the

mechanism. The ion-pairing constant for the excited state and

ground state should be similar since structurally the excited

state (2E) and ground state should be similar. 23
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If one considers the mechanism for the quenching of the

excited state then to consist of the steps 14 through 17 then

the rate law becomes:

' + k )KI[C20 2-

-d[CExc] . ko + (ko ox 2- 4 ] CEx c (23)

d6 1 + K1 [C204 ]

In the above equation K1 is the ion-pairing constant, kox is

the rate constant for the electron transfer quenching and k o

and ko are the rate constants for the thermal or

photochemical deactivation of the excited state and the

excited state ion-pair, respectively, and CEx c is the total

excited state concentration. Although individual ion-palring

3+
constants cannot be evaluated for the oxalate-Cr(bpy) 3

system they can be calculated using the Fuoss equation. The

validity of the above equation is shown by how well the data

(kob s) are fit to a function of K1 and the oxalate

concentration (Figure I-4).
I

The rate constant was also determined as a function of

the oxalate concentration under conditions of constant ionic

strength (either 0'7'5 M or 2.00 M). In these trials sodium

sulfate was added to maintain the ionic strength_ This now

introduces the following into the mechanism:

*Cr(bpy)33+ + SO42- > *cr(bpy)33+Iso42- (24)

*Cr(bpy)33+ISO42- > Cr(bpy)33+Is042- + h_ or _ (25)
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The observed rats constant for the quenching of the excited

state by oxalate can now be written:

' + k )K [C O 2- "K [SO 2-
ko + (ko ox l 2 4 ] + ko 2 4 ]

kobs " .... 2- 2- (26)
1 + KI[C204 ] + K2[SO 4 ]

Here K 2 is the ion-pairing constant for the sulfate-

*Cr(bpy)33+ ion-pair and ko" is the rate constant for the

photochemical or thermal deactivation of this second excited

state ion-pair. The above can be simplified somewhat. Since

oxalate and sulfate are doubly negative ions:

[C2042-] + [SO42-] - C (27)

where C is a constant for a particular ionic strength.

Substitution of the above into the expression for kob s yields

the following result:

2-
(k ° + k"K C) + ((k + k')K - k"K )[C204 ]02 ox o 1 02

= 2- (2S)
k°bs (K 1 - K2)[C204 ] + (i + K2C)

I

Since the radius of sulfate 24 is very nearly the same as

oxalate, the ion-palrlng constants K1 and K2 should be nearly

the same. Also C is always greater than or equal to the

oxalate concentration so:

(K 1 - K2)[C2042-] < 1 + K2C

So at constant ionic strength, the observed rate constant

should be a linear function of the oxalate concentration:
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"K C + ((k + k')K - k" )[C 0 2-ko + ko 2 ox o l oK2 2 4 ]

kobs " 1 + K2C (29)

A plot of kob s versus the oxalate concentration should be

linea r w_.th a slope and intercept corresponding to:

' + )K - k"K(ko kox 1 o
2 (30)slope - i + K 2c

'K Cko + ko 2

intercept - i + K2C (31)

The difference in the slopes of the two constant ionic

strength series can be shown to be due to the dependence of

the ion-pairing constant on ionic strength• If one assumes

t

that K 1 = K 2 and that the unimolecular rate constants ko, ko ,

k o and kox are ionic strength independent one obtains:

- ' + k ) - k ")K/(l + MC) (32)slope ((k o ox o

If the Fuoss equation is used to calculate ion-palrlng

constants at the two ionic strengths, one obtains K I 6•7 M-I
!

(p - 0.75 M) and K - 4.3 M-I (p = 2.00 M). The theoretical

ratio of the slope at p = 2.00 M to that at p = 0.75 M is then

0 444 The experimental ratio is 1 57 x 105/3 59 x 105

0•431. This agreement appears to confirm the validity of the

mechanism and treatment•

The quantum yields for the formation of Cr(bpy)32+ also

confirm the mechanism• If the quenching by oxalate is fast

such that it exceeds the thermal and photochemical relaxation

of the excited state and/or excited ion-pairs, a quantum yield
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of 2 would be expected. The first mole of the reduced product

is formed in the electron transfer quenching step, while the

second is formed in the reaction of CO 2- with another mole of

Cr(bpy)33+. Theoretlcally CO 2- could react either the ground

state or the excited state complex; however, under the

conditions employed here only ~10% of the initial amount of

the chromium complex is excited in the flash and so it is >90%

likely that the CO 2- formed in the quench will attack a ground

state species, lt was found experimentally that the quantum

yield for the formation of the Cr(bpy)32+ is nearly 2 in the

limit of low initial [Cr(bpy)33+]. The quantum yields do

however, decrease as the initial chromium concentration is

increased and this shall be explained shortly.

Lastly, it proved impossible to directly detect the CO 2-

intermediate. Spectroscopically this was unlikely due to the

fact that CO 2- does not build up in the reactiorl and second

the absorbance of the chromium complexes would obscure the

CO 2- absorption spectrum. 25 Scavenging of CO 2- by other

species such as methyl viologen (MV 2+) or (H3N)sCoCI2+ were

attempted. MV 2+ is known to react with CO 2- with a rate

constant of 1 x i0 I0 M-is -I 26,27 while (H3N)5CoCI2+ reacts

with a rate constant of 1.5 x 108 M-is-l. 21 However, there

were complications in these competition studies. First the

product of the MV 2+ and CO 2- reaction is MV +. This species is

quite capable of reacting with Cr(bpy)33+ to produce MV 2+ and

Cr(bpy)32+.28 Second the reaction of CO 2- and Cr(bpy)33+ is
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extremely fast while the quenching of the exalted state by

oxalate is only moderately so thus making it difficult to

perform competition studies. An attempt was made' to detect

CO 2- using MV 2+ in the *Cr(Clphen)33+ and oxalate reaction.

This quenching' reaction is over an order of magnitude faster

than that for the *Cr(bpy)334'; however, as will be shown

later, this reaction is complicated by the presence of a

secondary transient. The spectrum of this secondary transient

overlaps considerably with that of the MV +,

Quenching of *Cr(bpy)33+ at _ initial sround state

concentrations

At high initial chromiunl complex concentrations the

quenching of the excited state is complicated by the following

process:

,Cr(bpy)33+ + Cr(bpy)32+ _ _> Cr(bpy)33+ + Cr(bpy)32+ (33)

This reaction has been observed previously and an upper limit

for its rate constant was found to be 5 x 109 M-le -I,6.

The effect of the Cr(bpy)32+ quenching is shown in the

plot of the observed rate constant versus the ground state

concentration at constant oxalate concentration (Figure I-3).

Although in ali. cases the pseudo-first order conditions should

have prevailed the observed rate constant increased as the

ground state concentration increased. As the initial ground

state concentration increases the amount of the'exclted state

produced in the flash also increases and consequently the

2+ that can be made increases. Also foramount of Cr(bpy) 3
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each electron transfer quenching _tep by oxalate ions, two

Cr(bpy)32+ can potentially be produced. Thus at high initial

ground stat_ concentrations the quenching of the excited state

by Cr(bpy)32+ may become important. At low concentrations of

Cr(bpy)33+ the Cr(bpy)32+ quenching becomes less important.

If one uses a rate constant of 5 x 109 M-is -I for the

quenching by Cr(bpy)32+ and assumes an average value of the

[Cr(bpy)32+] of 1.6 x i0 "6 M (for [Cr(bpy)33+] - 1.6 x 10 .-5 M)

and 3.2 x 10 -5 M (for [Cr(bpy)33+] = 3.2 x 10 -4 M) one obtains

observed rate constants of 8 x 103 s"I and 1.6 x 105 s-I
+

respectively. Although this is not an exact calculation, as

the [Cr(bpy)32+] varies throughout a run it does show how theq

Cr(bpy)32+ quenching can become important. As a comparison to

the above, the measured rate constants for the oxalate

quenching are 7.6 x 104 s-1 and 1.57 x J.05 s-I at low and high

initial ground state concentrations, respectively.

This interference, the quenching by Cr(bpy)32+, is also

observed in the plots of kob s versus,the oxalate concentration

at high initial ground state concentrations and constant ionic

strength. As was shown earlier, these same plots done for

runs in which the initial ground state concentration was low

were linear. At high [Cr(bpy)33+] the plots show curvature.

Such curvature is predicted by kinetic simulations if one

considers the mechanism postulated previously for low

[Cr(bpy)33+] and includes the Cr(bpy)32+ quenching process.
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2+
Lastly, quenching of the excited stats by Cr(bpy) 3

affects the quantum yields for formation of the reduced

product, lt is obvious that as this secondary pathway becomes

important the quantum yields should decrease from the

theoretical value of 2 observed at low [Cr(bpy)33+]. This is

indeed observed. The yields of Cr(bpy)32+ decrease from ~i.7

at low [Cr(bpy)33+] to ~0.9 at the highest [Cr(bpy)33+]

studied. Similar although not identical values are obtained

from kinetic simulations. Identical values are not obtained

due to the fact that the rate for the CO 2- reaction is not

known, as well as the fact that the Cr(bpy)32+ quenching rate

constant is only a limiting value.

This point is further proved by the quantum yields for

formation of Cr(Clphen)32+ and Cr(Me2bpy)32+ in the quenching

by oxalat8 of *Cr(Clphen)33+ and *Cr(Me2bpy)33+ respectively.

Th_ rate for quenching for the former is more than on order of

magnitude larger than for the bipyridine complex and the

latter an order of magnitude less. Thus one would predict

quantum yields of nearly 2 for the 5-chloro-l,10-

phenanthroline complex and significantly less than 2 for the

4,4'-dlmethyl-2,2'-bipyrldlne complex. Experiment bears this

out. Over the concentration range studied the quantum yield

Eor formation of Cr(Clphen)32+ is 2 while for formation of

CL(Me2bpy)32+ it is ~0.5. In the latter case it should be

mentioned that such low quantum yields may be due as well to
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ground state relaxation terms (ko, ko', ko") which may now

become important.

oxalate _uenchlng of oZher *CrL33 +

The four other complexes, Cr(Clphen)33+, Cr(phen)33+,

Cr(Me2bpy)33+ and Cr(Mephen)33+ have a similar rate law at

constant ionic strength, and ali kob s versus oxalate plots

*3+/2+were linear. The slopes (kB) are dependent on the CrL 3

potential as is shown in Figure 1-12 implying an outer sphere

electron transfer quenching step is operative for all these

species.

The phenanthroline and substituted phenanthroline

complexes mechanistically behaved differently from the

bipyridine and substituted bipyrldine complexes. After the

initial quenching step an intermediate was formed; however,

this shall be discussed more fully in the next section.

Mention should be made concerning the values of the

intercepts of the plots of kob s versus the oxalate concen-

tration. The values obtained are fo_ the phenanthroline and

substituted phenanthroline complexes larger than the

experimental value obtained from trials in which the loss of

the emission signal was monitored in which only sulfate (no

oxalate) was present.

lt is known that anions promote loss of the excited state

by causing ground state quenching via the formation of an

"ion-paired exciplex". 23 The rat(_ constant of this ground

state quenching is designated by 2kg. This ground state
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quenching has been studied most for Cr(phen)33+ where values

of 2kg such as 2.3 x 106 , 4.7 x 106, 6.1 x 106 and 2.9 x 106

have been determined for i M HCf 5, 1 M HCIO43, i M NaC1 (pH

9.5) 5 , 1 M Na2SO43 respectively. The lifetime at infinite

dilution of CrL33+ (ro ) is also affected by the anion used;

however, 7o is in general longer due to anion effects. 23 The

possibility may exist that the 2kg in the presence of oxalate

may be dlffsrent from that of the sulfate. Thus as the

[SO42-]/[C2042"] ratio is varied (keeping the ionic strength

constant) more or less ground state quenching can occur.

However, one would expect slight curvature in the kob s versus

the oxalate concentration plots aE_ well and this is not

observed. If oxalate had a higher 2kg than sulfate one would

expect curvature upwards with an intercept lower than the

actual value and if sulfate were the higher of the two one

would expect downwards curvature and a higher intercept.

One point does seem to support the idea of ground state

quenching and that is what is observed for the bipyridine and

4,4'-dimethyl-2,2'-bipyridine complexes. It is known that the

phenomena of anion assisted ground state quenching is more

pronounced for phenanthroline complexes.23, 29 Indeed while an

effect is seen for *Cr(phen)33+ in 1 M HCI, the 2,2'-bi-

pyridine analog shows the effect only in 5 M HCf 5. Also the

2kg values tend to be smaller for the blpyridine and

substituted bipyridines then for phenanthrolines. In the

present set of experiments neither 2,2'-bipyridine nor 4,4'-
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dimethyl-2,2'-bipyridine show much of a deviation between

experimental and fitted intercept values at anionic strength

of 0.75 M. Only the phenanthroline and substituted

phenanthrolines have relatively high intercepts at 0.75 M

ionio strength. However, such effects are difficult to sort

out owing to the fact that both the oxalate and sulfate

concentrations are varying over the series of experiments.

tIt should also be men ioned that if CrL32+ quenching were

important a higher intercept as well as downwards curvature

would be expected as in the high Cr(bpy)33+ concentration

runs.

Also it should be apparent that a 2kg term for oxalate

cannot be determined since oxalate quenches the excited state

in an irreversible electron transfer step.

, The intermediate

After the quenching step in the case of the 1,10 phenan-

throline, 5-chloro-l,10-phenanthroline and 5-methy]-l,10-

phenanthroline complexes an intermediate is formed. The CO 2-

apparently does not transfer an electron to directly produce

CrL32+ and CO 2 as it does in the 2,2'-bipyridine and 4,4'-

dimethyl-2,2'-bipyridine cases. The intermediate formed has a

broad absorption in the visible as is shown by the spectra for

the intermediate formed in the quenching of *Cr(Clphen)33+ by

oxalate and EDTA 2- (Figures I-7 and I-8, respectively).

There appear to be two possibilities for [_ i_entity of

the intermediate. In the first case CO 2- transfers an elec-
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tron to the phenanthroline ligand to produce a ligand radical

species ((CrIIIL2L-)2+). In the second case CO 2- directly

attacks the ligand producing a substituted ligand radical

((CrIIIL2L'-)2+). Although the former is not known, a l_gand

radical species was proposed in the pulse radiolysis of

Ru(bpy)33+ 30 and a Libpy compound is known. 31 Venturi, et al

recently observed a broadly absorbing intermediate in the

reaction ef Cr(phen)33+ with .CH2OH.32 They also noted that

in the reaction of Cr(bpy)33+ with "CH2OH, the Cr(bpy)32+ was

exclusively generated.

This last observation was also found here. An

intermediate was observed for oxalate quenching only for the

phenanthroline and substituted phenanthroline complexes.

Neither the 2,2'-bipyridine nor the 4,4'-dimethyl-2,2'-

bipyridine complexes quenched by oxalate showed the presence

of an intermediate. Howeve1:, in the case of quenching by

EDTA 2- all the compounds Showed intermediates.

Further, the intermediate decayed via first order

kinetics showing a dependence on the ground state

concentration and produced what appeared spectroscopically to

be CrL32+, thus'.

CrL33+ + CO 2- - > (CrIIIL2L'-) 2+ (34)

(CrIIIL2L'-) 2+ + CrL33+ > CrL32+ + CrL2 L'3+ (35)

The rate constant for the latter reaction (k2i) was

determined as a function of the ground state chromium

concentration for both oxalate and for EDTA 2- quenching of
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*Cr(Clphen)33+ and *Cr(phen)33+ and for EDTA 2- quenching of

*Cr(bPY)33+. Although the rate constants for oxalate and

3+
EDTA 2- with cr(Clphen)33+ are similar, those for Cr(phen) 3

J

were different. This seems to imply that the intermediate

formed in the EDTA 2- system is different from that formed in

the oxalate system, thus pointing to a ligand addition radical

specles. However, the fact that there is an intermediate in

the Cr(bpy)33+-EDTA 2- system and not one in the oxalate system

implies that a common mechanism may not be operative.

The spectrum of the intermediate formed in the

3+-EDTA2- reaction is similar to that of theCr(Clphen) 3

oxalate system. Both are broad and relatively featureless.

Although bpy- is known to have a broad absorption in a similar

wavelength range33, 34, Venturi, et al attributed their

absorption to a ligand addition species. 32
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Table I-l. Extinction Coefficients a for *Cr(Clphen)33+
,J

Determined Using Different Quenchers

_(nm) Co([14]aneN4 )2+,b Fe 2+ Ti 3+ Average

490 2310 2690 2320 2440±216

510 -- 2710 2430 2570±200

545 -- 2620 2430 2530±130

aExtinction coefficients have units of M-icm -1 and have an

uncertainty of ± 10%.

bwork done by C. A. Simmons at Ames Lab, Ames, IA.
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Table I-2. Summary of Rate Constants for the Quenching of

*CrL33+ by Oxalate Ions a

k m _

L E°,3+/2+ 10-3xkoeXP/s -I 10-3XkAfit/s -I 10-5kB/M-Is -I

Clphen b i. 53 i0.8 43.8 85.4

bpy b 1.44 29.7 30.8 3.59

bpy c 1.44 27.5 22.1 1.57

phen b 1.42 5.05 7.93 4.14

Mephen b 1.39 4.18 8.87 3.18

Me2bpyb 1.25 7.41 7.88 .210

apotentials from Ref. 2.

bionic strength = 0.75 M and at (23 ± 2)°C.

CIonic strength - 2.00 M and at (23 ± 2)°C.
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Table I-3. Bxperimental and Simulated Quantum Yields a for

the Formation of Cr(bpy)32+ as a Function of the

Ground State Concentration

105 x [Cr(bpy)33+]/M #exp %sim b

1.64 1.72 1.71

4.91 1.38 1.59

8.18 1.31 1.50

11.4 1.20 1.41

16.4 1.22 1.36

22 .S 1.22 1.27

32.7 1.02 1.15

42.5 0.91 1.08

55.5 0.85 1.03

65.3 0.87 1.00

81.7 0.89 0.99

98.0 0.89 0.96

aQuantum yield is defined as the ratio

[CrL32+]/[*CrL33+]. [C2042-] = 0.i00 M and (23 + 2)°C.

bThe values of the rate constants used in the simulations

are given in the text.
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2+
Table I-4. Quantum Yields for the Formation of Cr(Clphen) 3

as a Function of the Ground State Concentration a

J

105 x [Cr(Clphen)33+]/M _exp

2.40 2.1

4.80 2.0
P

7.20 2.1

9.61 2.05

12.0 2.1

14.4 2.1

a[c2042-] = 0.104 M and at (23 + 2)°C.
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2+
Table I-5. Quantum Yields for the Formation of Cr(Me2bpy) 3

as a Function of the Ground State Concentration a

105 x [Cr(Me2bpy)33+]/M #exp

2.56 0.41

5.13 O.65

7.69 0.59

10.3 0.49

12.8 0.49

a[c2042-] - 0.159 M and at (23 ± 2)°C.

I

l
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Table I-6. Rate Constants for the Loss of the Secondary

Transient Produced in Oxalate and EDTA 2-

Quenching Reactions of *CrL3 3+ a

L Quencher 10 -4 x kli/S-I 10 -9 x k2i/M-is -I

bpy EDTA 2- 1.02±.30 1.41±.07

phen C2042- 2.06±.30 0.82±.04

phen EDTA 2- 1.14±.46 1.68±.07

Clphen C2042- 0.96±.27 1.10±.08

Clphen EDTA 2- 2.06±.21 1.35±.05

J

aDone at (23 ± 2)°C.
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Table I-7, Rate Constants for the Decay of the Secondary

Transient Produced in the Quenching of the Exalted

State of Cr(Clphen)33+ by Oxalate as a Function of

the Monitoring Wavelength a

k(nm) lO -4 x kobs/S-i

530 3.65±.22

550 3.15±.13

570 3.47±.37

605 3.41±.40

640 3.29±.32

a[cr(Clphen)33+] = 4.49 x 10 -5 M; [C2042-] = 0.156 M and

23 ± 2)°C.
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Figure I-l. The plot of the observed rate constant versus

the oxalate concentration for the quenching of

*Cr(]_py)33+ at non-constant ionic strength.

Experiments done at high initial ground state

concentration and at (23 ± 2)°C
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Figure I-2. The plot of the observed rate constant versus
l

the oxalate concentration for the quenching

of *cr(bpy)33+ at ionic strengths of 1.0M( • )

and 2.0M( + ). Experiments were done at high

initial gro_nd state concentration and 23°C
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Figure I-3. The plot of the observed sate constant for the

quenching of *Cr(bpy)33+ versus the ground state

concentration at a cunstant oxalate concentration

of 0.0522 M and at (23 +_ 2)°C
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[C,O,'-]/M

Figure I-4. The plot of the observed rate constant versus

the oxalate concentration for the quenching of

*Cr(bpy)33+ at non-constant ionic strength.

Experiments were done at low initial ground

state concentration where the dots co_respond to

the data points while the line is that calculat-

ed using the data as well as the calculated ion-

pairing constants and at (23 ± 2)°C
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Figure I-5. The plot of the observed _ate constant versus

the oxalate concentration for the quenching of

*Cr(bpy)33+ at ionic strengths of 0.75M( • ) and

2.00M( A ). Experiments were done at low initial

ground state concentration and at (23 ± 2)°C
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Figure I-6. The plot of the observed rate constant versus

the oxalate concentration for the quenching of

*Cr(Clphen)33+(x), *Cr(bpy)33+(o), *Cr(phen)33+

,
(+), Cr(Mephen)33+(*) and *Cr(Me2bpy)33+(o)

at an ionic strength of 0.75 M and (23 ± 2)°C
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Figure I-7. Spectrum of the intermediate( + ) and final

product( • ) formed after the quenching of

*Cr(Clphen)33+ by oxalate. The intermediate

absorbances were determined 8 Us after the

flash and at (23 +_ 2)°C
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Figure I-8. Spectrum of the intermediate( + ) and final

product( • ) formed after the quenching of

•Cr(Clphen)33. by EDTA 2-. The intermediate

absorbances were determined 8 ps after the

flash and at (23 ± 2)°C



47

, 0.0 I I 1 I I I I I I

0 1 2 3 4. 5 6 7 8 g 10

1 0'[ Cr(5-Cl p hen ),_']/M

Figure I-9. The plot of the observed rate constant for

the loss of the secondary transient produced

after the quenching of *Cr(Clphen)33+ by

oxalate( A ) and EDTA2-( • ) versus the ground

state concentration at (23 _+ 2)°C
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Figure I-i0. The plot of the observed rate constant for

the loss of the secondary transient produced

after the quenching of *Cr(bpy)33+ by EDTA 2-

versus the ground state concentration at 23°C
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Figure I-ll. The plot of the observed rate constant for

the loss of the secondary transient produced

after the quenching of *Cr(phen)33+ by _DTA 2-

( A ) and oxalate( • ) versus the ground state

concentration at 23°C
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APPENDIX

Table A-I. Rate Constants for the Quenching of the

Excited Stats of Cr(bpy)33+ by oxalate a,

,,

[C2042-]/M 10 -4 x kobs/S-i

0,0025 5.53

0.0075 8.16

0.0125 10.8

0,02si 12.1

0.0502 13.7

0.0753 14.5

0.i00 15.3

0.151 16.5

a[cr(bpy)33+] - 3.29 x 10 -4 M. Ionic strength is not

constant.
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Table A-2, Rate Constants for the Quenching of the

Excited State of Cr(bpy)33+ by Oxalate a,

[C2042-]/M I0 -4 x kobs/S -I

0.0025 2,26

0. 0075 3.30

0.0125 3,58

0.0502 7.16

0,0753 8.46

0.i00 9,81

0.151 12.4

0.200 14.5

i ,,,,T

a[Cr(bpy)33+] - 3.29 x 10-4 M. Ionic strength - 1.0 M.

I
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Table A-3. Rate Constant8 for the Quenching of the

Excited State of Cr(bpy)33+ by oxalat8 a

i i ,,i . , : .... i 11 i i iii ,i J, L I I J I lll, l If _' .li_

[C2042-1/M 10.4 x kobs/S -I

0,0026 2.63

0,0052 3.13

0.0078 3,49

0.0129 4.57

0.0259 5.33

0.0517 7.42

0.102 10.5

0.152 12.5

0.192 14.6

0.237 15.8

I

i, i

a[cr(bpy)33+] = 3.29 x 10 -4 M. Ionic strength = 2.0 M.

b
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Table A-4. Rate Constants for the Quenching of the

Excited State of Cr(bpy)33+ by O×alate a.

104 x [Cr(bpy)33+]/M 10 -4 x kobs/S -I

4,81 18,2

3.20 15,7

1.60 12,5

0.80 10.9

0.48 9.49

0.32 9.05

0.16 7.86

0.08 8.30

2-
a[c204 ] - 0.0522 M.

!
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Table A-5. Rate Constants and Calculated Ion-Pairing

Constants for the Quenching of the Excited _

State of Cr(bpy)33+ by Oxalate a.

[C2042 ]/M 10 -4 x kobs/S-i K1

0.00 1.96 221.8

0.00,13 3.78 105.5

0.0026 4.21 82.6

0.0052 5.09 61.1

0.0104 5.86 42.9

0.0156 6.21 34.2

0.0208 7.07 28.9

0.0260 7.36 25.3

10.0521 7.86 16.6

0.104 8.75 !i.0

0.156 9.12 , 8.8

0.208 9.97 7.5

0.255 10.3 6.8

a[cr(bpy)33+] = 1.60 x 10 -5 M. Variable ionic strength.
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r

Table A-6. Rate Constants for the Quenching of the

Excited State of Cr(bpy)33+ by Oxalate a.

[C2042-]/M 10 -.4 x kobs/S -I

0.00 2.97

0.0131 3.37

0.0261 4.14

0,0392 4.70

0.0522 4.94

0.0782 6.17

0.104 6.85

0.130 7.94

0.157 5.70

0.183 9.39

0.210 i0.0

t

a[cr(bpy)33+] = 1.60 x 10 -5 M. Ionic strength = 0.75 M.
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Table A-7. Rate Constants for the Quenching of the

Excited State of Cr(bpy)33+ by Oxalate a.

[C2042-]/M 10 -4 x kobs/S -I

0.00 2.75

0.0131 2.29 _

0.0261 2.77

0.0392 2.73

0.0522 3.19

0.0782 3.45

0.104 4.06

0. 30 4.2s
0.157 4.70

0.183 4.87

0.209 5.50

I

a[cr(bpy)33+] = 1.60 x 10 -5 M. Ionic streng£h = 2.00 M.
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Table A-8. Rate Constants for the Quenching of the

Excited State of Cr(phen)33+ by Oxalate a.

[C2042-]/M 10 -4 x kobs/S -I

0.00 0.506

0.0104 1.20

0.0312 1.97

0.0519 3.43

0.104 5,44

0..156 7.35

0.250 I0.i

a[cr(phen)33+] _ 1.47 x 10 -5 M. Ionic strength - 0.75 M.
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Table A-9. Rate Constants for the Quenching of the

Excited State of Cr(Mephen)33+ by Oxalate a.

[C2042-]/M 10 -4 x kobs/S -I

0.00 0.417

0.0102 1.12

0.0312 2.17

o.os19 2.82
0.104 4.47

0.156 5.38
m

0.250 8.37

a[cr(Mephen)33+] - 1.45 x 10 -5 M. Ionic strength -

0.75 M.

I
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Table A-10. Rate Constants for the Quenching of the
t

<r S Of Cr(Me2bpy)33+ by Oxalate a

[C2042-]/M 10 -4 x kobs/S -I

0.00 0.759

0.0312 0.839

0.0519 0.891

0.104 1.08

0.156 1.09

0.250 i .31

a[cr(Me2bpy)33+] - 1.45 x 10 -5 M. Ionic strength -

0.75 M.
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Table A-II. Rate Constants for the Quenching of the 1

Excited State of Cr(Clphen)3 3+ by Oxalate a.

[C2042-]/M I0 -I x kobs/S -I

0.00 1.08

0.0104 10.8

0.0312 27.5

0.0519 40.3

0.104 70.7

0.156 i00.

0.250 --

a[cr(Clphen)33+] = 1.49 x 10 -5 M. Ionic strength =

0 75 M.

I

l
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Table A-12. Quantum Yield for the Formation of Cr(bpy) 3

by Quenching of the Excited State of

Cr(bpy)33+ by Oxalate a.

I05x[CrL33+]/M I06x[CrL32+]/M I06x[*CrL33+]/M
J

1.64 3.27 1.90 1.72

4.91 8.05 5.82 1.38

8.18 12.5 9.52 1.31

11.4 16.7 13.9 1.20

16.4 20.7 17.0 1.22

22.9 28.1 23.0 1.22

32.7 33.5 32.7 1.02

42.5 39.5 43.4 0.91

55.5 42.5 49.8 0.85

65.3 49.1 56.3 0.87

81.7 50.1 , 56.2 0°89

98.0 56.5 63.3 0.89

a[c2042-] = 0.i00 M.
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b

Table A-13. Quantum Yields for Oxalate Quenching of

*ct(Clphen) 33+,a.

105x[ CrL33+]/M 105x[CrL32+]/M 105x[ *CrL33+]/M

2.40 1.10 0.515 2.1

4.80 2.29 1.08 2.1

7.20 3.57 1.74 2.05

9.61 4.80 2.28 2.1

12.0 5.67 2.81 2.0

14.4 7.22 3.46 2.1

a[c2042-] _ 0.104 M.
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Table A-14. Quantum Yields for Oxalate Quenching of

*Cr(Me2bpy )33+,a.

,,, ,,,, .... i-- _ -- __ - _ ,,,,J_,, .... -- -- : :

105X[ CrL33.]/M 106x[CrL32+]/M 106x[*CrL33+]/M

2.56 0.73 1.77 0.41 b

5.13 1.96 3.01 0.65

7.69 2.54 4.30 0.59

10.3 3.14 6.40 0.49

12.8 4.08 8.22 0.49

_, c_ .... __ __

a[c2042-] _ 0.159 M.
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Table A-15. Rate Constants for the Loss of the seaondary

Transient Produced by the Quenching of the

Excited State of Cr(Clphen)33+ by oxalate a.

,, , , , _-- _ _ __ 1

105 x [Cr(Clphen)33+l/M i0-4 x kobs/S -I

0.97 2.16

I,s2 2,96

2.22 4,64

2,89 5.10

3.43 6.21

4.18 6.87

4.72 7.63

5.22 8.22

6.44 ii.0

7.21 8,50

I

a[c2042-] = 0.156 M.
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Tabls A-16_ Rats Constants for the Loss of ths Secondary

Transient Produced by the Quenching of the

Excited State of Cr(Clphsn)33+ by EDTA2-, a.

,,, ,,,,--

105 x [Cr(Clphen)33+]/M 10 -4 x kobs/S-i

1.30 3.88

2.24 5.40

3,,09 7.51

4 ,i0 7.91

4.79 9.27

5.60 Ii.0

6.31 11.2

7.32 13.2

8.26 14.9

9.00 15.1

I

,.,..,_---,

a[EDTA 2-] ,. 0.0515 M.
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Table A-17. Rate Constants for the Loss of the Secondary

Transient Produced by the Quenching of the

_xclted State ot Cr(phen)33+ by Oxalate a.

l l_JL'

105 x [Cr(phen)33+]/M 10 -4 x kobs/S-i

1.99 4.13

3.33 4,90

4,84 7.34

6.37 8.61

8.00 i0.0

9.46 11.2

11.2 11.0

12.8 13.6

14.2 15.3

15.7 17,,6

I

a[c2042-] . 0,156 M.
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Table A-18, Rate Constants for the Loss of the Secondary

T_ansient Produced by the Quenching of the

Excited Stats of Cr(phsn)33+ by EDTA2-, a,

105 x [Cr(phen)33+]/M l0 -4 x kobs/S'l

2.25 4.95

3.81 8.76

5.27 12,3

6.93 14.9

8.17 16.0

9.91 21.6

11.6 21.0

13.1 24.1

14.8 26.6

16.3 30.7

I

a[EDTA 2-] ,,, 0.0515 M.
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Table A-19. Rate Constants for the Loss of the Secondary

Transient Produced by the Quenching of the

Excited State of Cr(bpy)33+ by EDTA 2-'a.

10 5 x [Cr(bpy)33+]/M l0 -4 x kobs/S -I

1.52 3.23

2.58 4.81

3.59 _ 7.28

4.61 8.80

5.55 10.9

6.56 12.2

7.66 12.0

9.01 13.4

9.59 15.5

10.6 17.1

I

a[EDTA 2-] = 0.0515 M.
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PART II KINETICS AND MECHANISM OF' THE REACTIONS

OF ORGANOCHROMIUM COMPLEXES WITH TRIS

(2, 2'-?!PYRIDYL)RUTHENIUM(III) AND

WITH THE EXCITED STATE OF TRIS(POLY-

PYRIDYL)CHROMIUM(III) IONS
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INTRODUCTION

There has been much recent interest in the photochemistry

and photophysic& of transition metal polypyridine complexeb

due to the possibility _f their use in solar energy conversio,_

systems. The excited state of these compounds are known to

undergo useful electron transfer and energy transfer

reactions.l

The doublet excited state (2E) of CrL33+ complexes have

been shown to possess relatively high reduction potentials. 2

This coupled with the fact that the excited states are

somewhat long lived makes it possible to study the electron

and energy transfer reactions of the excited state. The

lifetime of *Cr(bpy)33+ was measured to be 0.11 msec 3 while

that of *Cr(phen:33+ was measured to be between 0.24 msec and

0.42 msec _nder various conditions. 3,4,5

Recently, the quenching of the excited state of chromium

polypyridyl complexes by (H20)sCrR2+ and (H20)([14]aneN4)CoR2+

was studied. 6 Based on the trend in,rate constants for

different R groups (primary alkyl < secondary alkyl) and

comparison to the rate constants for the reaction of

Ru(bpy)33+ with (H20)sCrR2+ it was concluded that quenching

occurred via an elctron transfer process. However, in the

case of the organocobalt complexes, it was postulated that an

energy transfer process was operating. This was deduced based

on the fact that no uorrelation was observed between the rate

constants for quenching of *CrL33+ by (H20)5CoR 2+ and the .rate
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constants for the one electron reduction of Ru(bpy)33+ by the

organocobalt complexes as well as the previous observation
t_

that inorganic cobalt complexes ((H20)([14]aneN4CoX2+; X _ CI,

Br) react efficiently as energy transfer agents.

One possible way of differentiating between electron and

energy transfer processes is by determining whether electron

transfer products are produced. For example the quenching of

*Cr(bpy)33+ by Ti 3+ 7, Fe2+ 8 and Co([14]aneN4)2+ 9 all

produce Cr(bpy)32+ directly in the quench. The situation is

more complicated however with quenching by organotransition

metal complexes. It is still true that an electron transfer

quench may pro4uce electron transfer products. The

possibility now also exists that electron transfer products

will be observed ever, though the mechanism of quenching is

energy transfer. For example, in the situation present for

the previously mentioned quenching by organocobalt complexes,

energy transfer to the organocobalt from the *Cr(bpy)33+ could

cause homolysis of the organocobalt.. The homolysis products

(Co([14]aneN42+ and R) could then react with the excited or

ground state of Cr(bpy)33+ to produce some Cr(bpy)32+.

Outer sphere oxidations of organochromium complexes have

generally been postulated to produce initially CrR 3+ which

then decomposes resulting in Cr 3+ and R. Thus in the

oxidation of (H20)5CrR2+ by Ni([14]aneN4 )3+ and Ni([9]aneN3 )3+

i0, Ru(bpy)33+ Ii, NO + 12 and *Cr(bpy)33+ 6, (H20)5CrR3+ has

been invoked. In a like manner, oxidation of ([15]aneN4)CrR 2+
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by Ce 4+ IrCl 2- - = 2, azinobis (3-, 6 and ABTS (ABTS 2- 2'- -

ethylbenzthiazoline-6-sulphonate)) is believed to occur via

formation of ([15]aneN4)CrR3+.i3 Oxidation is then followed

rapidly by homolysis of the oxidized form of the

organochromium. Indeed, the homolysis step is so rapid that

in the reaction of the pentaaquaorganochromium the (H20)5CrR3+

is not observed and also that kinetic factors originating in

the reactions of R are seen.

Oxidation of organometallics has not only been observed

for organochromium compounds° Oxidation of tetraalkyl lead,

t_traalkyl tin, organocobaloximes, organomercury, iron and

nickel organic compounds have all been studied.

The reaction of tetraalkyl lead (methyl and ethyl)

compounds with IrC162- was found to proceed via oxidative

homolysis. 14,15 Th_ init:al step was postulated to produce

R4Pb + and IrC163- and the unstable R4Pb + then underwent

homolysis to yield R3Pb + and R. Radicals then reacted with

excess IrC162- via a halogen abstraction pathway. That

oxidation was a major component of the mechanism was shown by

the linearity of the plot of the logarithm of the rate

constants obtained for the different tetraalkyl leads studied

versus the oxidation potentials of the organolead compounds.

That radicals are produced was determined by observation of

the esr spectrum of the adduct of the ethyl radical with

nitrosoisobutane which was made by reaction of R4Pb with

IrC162- in the presence of nitrosoisobutane. The
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decomposition of R4Pb + was noted to be fast as the oxidized

organolead species was not observed in the esr.

A similar scheme has been invoked for the reaction of

o_ganomurcurials with hexachloroiridate(IV). 16 The rate

determining electron transfer produces R2Hg + which is £ollowed

by homolysis of a mercury-carbon bond. A rate determining

electron transfer was proposed based on the similarity of the

reactivity trend (methyl < ethyl < 2-propyl < _-butyl) with

the trend in the vertical ionization potential and the trend

inthe frequency of the charge transfer bands produced when

tetracyanoethylene was in the presence of the organomercury

compounds. The homolysis product (RHg +) was identified by its

NMR spectrum. Esr trapping experiments with tert-butylnitrone

showed the presence of alkyl radicals. The initial product

expected R2Hg . was not observed and no incorporation of

bromide in the organic product was found when bromide was

added as a potential nuc!eophilic trapping agent.

Dialkyliron(II)bis(bipyridine) aomplexes are known to
J

undergo coupling of the organic moieties when induced by the

oxidation by such species as Br 2, Ce(IV), and IrC162-. 17

Transient electrochemical techniques were utilized to study

the oxidation to the dialkyiron(III) species as well as to the

dialkyliron(IV). 18 lt was found that the dialkyiron(III)

decomposes via homolytic fragmentation yielding products

originating from alkyl radicals. The dialkyiron(IV)

decomposes to yield coupled dialkyls chiefly.
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Square planar nickel complexes (Et2Nibpy) undergo similar

reactions. Biaryls are formed when trans aryl nickel

complexes (Ar2Ni(PEt3) 2) a_e oxidized by any of several

agents. 17 Monoarylnickel(II) complexes (ArNi(X)(PEt3) 2) can

be treatedwith such agents as well and produce the coupled

arylphosphonium (ArPZt3+). The initial nickel product formed

when the monoarylnickel is reacted with hexachloroiridate(IV)

was postulated to be a Ni(III) species (ArNiBr(PEt3)2 +) based

on esr spectral evidence. This intermediate then eliminates

the coupled arylphosphonium product.

Oxidation of the tetraalkyl tin species (R4Sn) via a

photochemical reaction with analogues of flavins (3-methyl-10-

phenylisoalloxazine or 3-methyl-10-phenyl-5-deaza-

isoallcxazine) produced R4Sn+.I9 The R4Sn+ then decomposes by

a homolysis path to yield the radical R and R3Sn+. , Similar

(in that R4Sn + is initially produced) is the reaction of R4Sn

with the bipyridine and phenanthroline complexes of iron(III)

or with hexachloroiridate(IV). 20,21 ,

Oxidation of dialkyl platinum compounds by IrCl62- to

! yield formally the Pt(III), R2PtL2 + (L = PMe2#, P_3) has also

been studied. 22 Whether the final products are Pt(II) or

Pt(IV) containing species was found to depend on the alkyl

group and the coordinated phosphine. The rate of reaction

depends on the donor properties of both R and L (Et > Me and

PMe2% > P%3)"
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Studies on the oxidation of organocobalt complexes by far

surpass in number the other organometallic compounds. Bven

though oxidized forms of organocobalt complexes have been

characterized, to date the tetrakis(1-norbornyl)cobalt complex

is the only isolable Co(IV) species known. 23 lt is prepared

from CoCI2.1.5THF and 1-norbornyllithium in pentane. 24 It has

been characterized and appears to be a low spin tetrahedral

complex. 25 The compound exhibits two reversible electro-

chemical waves at-0.65 V and -2.02 V (versus ferrocenium/

ferrocene) which correspond to Co(nor)4+/Co(nor) 4 and

Co(nor)4/Co(nor)4-.

Many other oxidized forms of organocobalt have been

prepared and studied including RCo(dmgH)2 + (dmgH 2 is dimethyl-

glyoxime), RCo(dpgH)2 + (dpgH 2 is diphenylglyoxime),

RCo(salen) + (salen is bis(salicylidene)ethylenediamine),

RCo(acacen) + (acaCen is bis(acetylacetone)ethylenediamine)

and others. 26

The potentials for oxidation of .organocobaloximes were

determined and the trend in El/2 was found to be in the

direction expected of increasing ease of oxidation of the

organocobaloximes which is due to the increasing electron

donor power of the organic ligand, R.27, 28 The lifetimes of

the oxidized forms decrease in the order: primary alkyl >

secondary alkyl > benzyl. _inetic measurements on the

reaction of RCo(dmgH) 2 and IrCl62- indicate an equilibrium

step between reactants and the initial products, RCo(dmgH)2+
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and IrC163- which is followed by decomposition of the oxidized

organocobalt.29,30 Decomposition may occur via nucleophilic

attack or in the case of primary alkyls by a pathway including

disproportionation of the oxidized organocobalt to yield

formally a RCo(dmgH)22+ and a RCo(dmgH) 2.

The electrochemical potentials for oxidation of methyl,

ethyl, 1-propyl, 1-butyl and 2-propyl cobalt salen complexes

as well as some rhodium analogues have been determined. 31

Addition of nucleophiles (Cl- or pyridine) was found to result

in heterolysis of the metal(IV)-carbon bond.

Esr studies have confirmed the nature of the oxidized

organocobalt. 32,33,34 The oxidized.complexes although

unstable at room temperature are stable at or below -50°C

allowing determination of esr spectra. The results imply the

oxidized organocobalt to be an organocobalt(IV) complex rather

than a carbonium ion-cobalt(III) complex.

Alkylcobalt(IV) dioximato complexes have also been found

to undergo nucleophilic attack by halides as mentioned above.

This displacement of cobalt occurs with inversion of

configuration at the s-carbon of the alkyl group.35, 36 The

mechanism of nucleophilic displacement has been postulated to

proceed via an SN2 mechanism for dioximato complexes and SNi

for Schiff base compounds. 37

Other studies of organocobalt(IV) have been concerned

with their preparation and intermediacy in reactions of benzyl

cobaloximes with manganese(III) acetate, 38 the oxidative
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dealkylation of benzyl cobaloximes by thlocyanogen, 39 iodine

chloride, 40 C12 or Br 2, 41,42,43, 12,44 solvent effects on

oxidation 45 and steric effects. 46

This study was performed in order to determine the

mechanism of quenching of the excited state of chromium poly-

pyridyl complexes by ([15]aneN4)CrR 2+. An attempt is made to

discern whether the process involves energy or electron

transfer. Also, an attempt to observe the elusive oxidized

organochromium species is made.
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EXPERIMENTAL

Materials

Solutions of CrCI 2 and Cr(CiO4) 2 were p_epared by the

method of Samuels 47 which is a modification of another method

reported previously. 48

The organochromium complexes L'CrR 2+ (where L' is

[15]aneN 4 and Rm CH3, CH2CH3, CH2CH2CH3, CH2(CH2)2CH3,

CH(CH3)2, CH(CH3)(CH2CH3), cyclohexyl, CH2C6H5, CH2C6H4Br,

CH2C6H4CH 3) were prepared using a modification of that

previously reported. 49 Only slight excesses of alkyl halide

were added to the L'Cr 2+ solution thus eliminating the need to

extract repeatedly with CCI 4 to remove unreacted alkyl halide.

The L'Cr{CH(CH3)(CH2CH3)} 2+, L'Cr{CH2C6H4Br}2+ and

L'Cr{CH2C6H4CH3} 2+ were identified by their UV/Vis absorption

spectra. 13 The other complexes as well as L'CrBr 2+ were

likewise characterized. 49

Chromium metal was obtained from Alfa and the ligand

[15]aneN 4 was purchased from Strem. .All alkyl halides except

methyl iodide were obtained from Aldrich. The methyl iodide

was available from Fischer. All alkyl halides used were the

iodides except for 2-butyl bromide and the arylalkyls which

were also bromides.

Other chemicals used in this study were obtained from the

following sources: Ru(bpy)3Cl2'6H20 (Aldrich), NaCIO 4

(Fischer), pyridine (Fischer), N,N-dimethylformamide

(Fischer), FeCI3.6H20 (Fischer).
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The polypyridyl chromium complexes were either available

from a previous study or made in a manner similar to that

before. 50 The [Co_NH3)sBr](CIO4) 2 was prepared from

[Co(NH3)sBr]Br 2. The [Co(NH3)5py](CIO4)3 waa prepared by

using known methods and characterized by its UV/Vis

spectrum. 51 The [Co(NH3)5OH2](CI04) 3 was prepared in the

standard way.

Preparatio n an___dcharacterization o__ffpreviously unknown

organochromium compounds

The [15]aneN4Cr(CH2C6H4CF3 )2+ [15]aneN4Cr(CH2C6H4F)2+

[15]aneN4Cr(CH2C6H4CI)2+, [15]aneN4Cr(CH2C6H4OCH3 )2+ [15]aneN4

Cr(CH2C6H4CN) 2+ were prepared by the general method outlined

above. They were prepared using the following arylalkyl

halides obtained from Aldrich: _'-bromo-_,_,=-trifluoro-p-

xylene, _,p-dichloro-toluene, _-bromo-p-tolunitrile, 4-

methoxybenzylchloride, 4-fluorobenzylbromide. An attempt was

made to produce [15]aneN4Cr(CH2C6H4NO2 )2+ using p-

nitrobenzylbromide; however, the majar products obtained were

[15]aneN4CrBr 2+ and [15]aneN4Cr 3+ as determined from

comparison of the spectra to the known spectra of these

species. 49 The major products in the p_eparation of cyano

derivative were also [15]aneN4CrBr 2+ and [15]aneN4Cr3+;

however, a small amount of the organochromium was also

collected. All compounds are para substituted.l

The extinction coefficients for the organochromium

compounds were determined using the spectrum of each compound
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l

as well as the results of chromium analyses. A portion of the

cnmpound was decomposed in base using hydrogen peroxide. The
i'

amount of chromate present was then determined at X 372 nm (c

= 4830 M, icm -I). The results are presented in Table II-l.
i

Stoichiometry of t__heereaction of Ru(bpy)33+__ and or_ano-

chromium

The stoichiometry of the reaction of the bromobenzyl
' i

3+ was determined under twochromium complex with Ru(bpy) 3

conditions. A sample of Ru(bpy)33+ was titrated with

[15]aneN4Cr(CH2C6H4Br)2+ and also a sample of the organo

chromium was titrated with Ru(bpy)33+ These titrations

essentially give conditions under which the Ru(bpy)33+ and the

[15]aneN4Cr(CH2C6H4Br)2+ are initially in excess,

respectively.

The Ru(bpy)33+ was pLoduced by reacting Ru(bpy)32+ in 3 M

H2SO 4 with PbO2 .52 The resulting green solution was filtered

several times to remove unreacted PbO 2 and PbSO 4. The

concentration of Ru(bpy)33+ was determined spectrophoto-

metrically (Xmax 676 nm; e = 409 M-lcm-l). 53

The titrations were performed spectrophotometrically.

3+ was observed and theThe spectrum of the product Ru(bpy) 3

absorbance at X 450 nm used as an indication of the amount of

Ru(bpy)32+ produced. Plots of absorbance versus the ratio of

reactants yielded two straight line portions whose

intersection point is the stoichiometry of the reaction.

A Cary 219 was used for all absorbance measurements.
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Kinetics

The kinetics of the quen¢_ ng of the excited states of

the chromium polypyridyl complexes were performed by

monitoring the decay of their emission signals (727nm for the

bpy complex and 728 nm for all the others). 2,54 In all cases

eXcess quencher was used (organochromium complex) and

solutions contained 0.2 M NaCiO 4 and i0 mM HCIO4 The dye

laser system used to produce and study the excited states has

been described elsewhere. 55 In all cases Coumarin 460

(l.5x10 -4 M in methanol) was used as the laser dye. In order

to study the quenching of the excited states of CrL33+ (5 =

polypyridine) by secondary alkyl chromium complexes (namely

cyclohexyl, 2-butyl, 2-propyl) a small amount of Fe3+ was

added to eliminate the unwanted effects of the presence of any

homolysis products formed prior to the flash. Thus the

following may occur:

L'CrR 2+ > L'Cr 2+ + R (i)

L'Cr 2+ + CrL33+ > CrL32+ + L'Cr 3+ (2)

CrL32+ + Fe 3+ > Fe 2+ + CrL33+ (3)

L'Cr 2+ + Fe 3+ > Fe 2+ + L'Cr 3+ (4)

R + CrL33+ > L2Cr(L-R)2+ + H + (5)

3+ and theThe kinetics of the reaction between RuL 3

organochromiums were performed by use of a photochemical

method.ll A solution containing RuL32+, the organochromium

and either Co(NH3)5Br2+ or Co(NH3)5py 3+ (or Co(NH3)5OH23+) was

flashed at 460 nm (±20 nm). The flash produced the excited
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state of the ruthenium complex which was subsequently quenched

by the Co(NH3)5Br 2+ or Co(NH3)5py 3+ via an electron transfer

mechanism producing RuL33+ (and Co 2+ + Br- + 5NH4+ or Co 2+ +

pyH + + 5NH4+). These quenching reactions have been relatively

well characterized and it has been determined that

Co(NH3)5Br2+ has a kq - 2.1 x 109 M-Is -I 56 while Co(NH3)5py 3+

has kq - (1.7-2.1) x 108 M-is -I 57 and Co(NH3)5OH23+ has kq

(7.5 - 15) x 107 M-Is-l. 58 The reaction between RuL33+ and

L'CrR 2+ was monitored at a wavelength of 450nm, the absorption

maximum of RuL32+.59 The reactions were performed under the

pseudo first order condition of excess [L'CrR2+]. In all

cases except the methyl chromium complex did this method prove

fruitful. The reaction between L'CrMe 2+ and RuL33+ is much

too sluggish to study by laser flash photolysis and so a

conventional method (using a Cary 219 UV/Vis spectro-

photometer) was employed to measure the rate of this reaction.

The RuL33+ was produced by mixing an acidic solution of RuL32+

with PBO2.52 The resulting green solution was filtered,

diluted and used to study the reaction. The amount of RuL33+

present was determined from its spectrum. 53

Spectrum of product and quantum yields

The point by point spectrum of the product of the

quenching of the excited state of Cr(bpy)33+ by L'Cr(2-Bu) 2+

was produced by determining the final absorbance shortly after

the reaction was complete every I0 nm over the range 5]0 nm to

650 nm.
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Quantum yields for the formation of CrL32+ as defined by

the ratio # = [CrL32+]/[*CrL33+] were determined for the

quenching of the excited state of Cr(bpy)33. by the following

organochromium complexes" L'Cr(Et) 2+ L'Cr(I-Pr) 2+• f t

5,Cr(l-Bu) 2+, L'Cr(2-Pr) 2+, L'Cr(2-Bu) 2+. The amount of

CrL32+ produced after the quench was determined from the

a_sorbance at 560 nm (c = 4.81 x 103 M-Icm-l). 60 The

concentration of the _ ccited state was determined from the

absorbance at 445 nm found shortly after the laser flash in

the absence of quencher (_ 445 nm: e = 3 x 103 M-icm-l). 61
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RESULTS

Kinetics of quenching of *CrL33+_ b__ or_anochromiums

The quenching of the excited state of Cr(bpy)33+ by a

wide range of organochromium complexes, L'CrR 2+ (where R =

methyl, ethyl, 1-propyl, 1-butyl, 2-propyl, 2-butyl,

cyclohexyl, benzyl, xylyl, brom0benzyl) were studied.

Quenching by 5'Cr(2-propyl) 2+ of the excited states of such

chromium polypyridyl complexes as Cr(Clphen)_ 3+, Cr(Mephen)33+

and Cr(Me2Phen)33+ as well as quenching of the polypyridyls

Cr(Clphen)33+, Cr(Mephen)33+, Cr(Me2bpy)33+ by L 'CrEt 2+ were

studied. In all cases, the experiments were conducted using a

large excess concentration of quencher, and the kinetics were

found to obey the rate law:

Rate = (a + b[L'CrR2+])[*CrL33+] (6)

In the quenching of the excited states of the chromium

polypyridyl complexes by secondary organochromium complexes,

Fe 3+ was added to the solution prior to flashing the reaction

mixture. The iron serves a two-fold.purpose. First, Fe 3+

eliminates the unwanted effect of CrL32+ quenching of the

excited states. If quenching of *CrL33+ by organochromium

occurs by an electron transfer mechanism, then CrL32+ would be

a direct product:

*CrL33+ + L'CrR 2+ ........ > CrL32+ + "L'CrR 3+'' (7)

*CrL33+ + CrL32+ --> CrL32+ + CrL33+ (8)

CrL32+ + Fe 3+ > CrL33+ + Fe 2+ (3)
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The CrL32+ formed in the initial quenching may then go on to

react with the remaining excited state. The second reaction

is known and a lower limit on its rate was set at 5.0 x 109

M-is-1. 8 This quenching manifests itself in terms of non-.

linear plots of kob s versus [Q].50 However, Fe 3+ has been
J

2+ and reacts with ashown to be an effective scavenger of Cr53

rate constant of 7.3 X 108 M-is-l. 62

The second purpose of the Fe 3+ is to eliminate any

homolysis products present prior to reaction or to eliminate

the effects of homolysis products A reaction between

solutions of L'CrR 2+ and CrL33+ was observed. This is

probably due just to the reaction of the ihomolysis products

L'Cr 2+ and R with CrL33+. Adding Fe 3+ to such solutions

prevents hhe loss of CrL33+. The possible scheme then for the

effect of Fe 3+ would consist of the following sequence:

L'CrR 2+ > L'Cr 2+ + R (i)

L'Cr 2+ (or R) + Cr533. , > CrL32+ + products (9)

L'Cr 2+ (or R) + Fe 3+ _ k Fe 2+ + products (i0)

Fe 3+ + CrL32+ > CrL33+ + Fe 2+ (3)

Most of these reactions (or variants of these reactions) are

known. The homolysis of organochromium complexes with the

macrocyclic ligand [15]anoN4 has been studied. 13 It has been

shown that homolysis for the secondary organochromiums is fast

(R = 2-propyl, kH = 4.9 x 10 -4 s-1) while for the primary

complexes the rate constants are too slow to measure. This

partially explains why Fe 3+ is not needed when studying the
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the quenching reactions o_ the primary complexes. Reactions

of R with CrL33+ and Fe3+ are known and have been studied.

Organic radicals such as CH2OH, CH2CHOH and (CH3)2COH react

with Fe 3+ with rate constants of 1 x 108 , 3.8 x 108 and 4.5 x

108 respectively.63, 64,65 Also such reactions occur with

3+ 66
CrL 3 .

The effect of Fe 3+ is shown in Table II-2. The table

contains the results in terms of kob s for the quenching of

*Cr(bpy)33+ by L'Cr(2-Propyl) 2+ under various conditions. At

constant [Fe3+] , it can be seen that there is no variation in

kob s with the [Cr(bpy)33+] over the range (5.36 - 10.7) x

10-5M. This is in accord with the fact that Fe 3+ eliminates

the CrL32+ quenching slowing the reaction. Apparently, 2.7 mM

Fe 3+ is the minimum of the concentrations studied for shutting

off the reaction since any further increase in [Fe 3+] has no

effect.

Table II-3 summarizes the values of b (kq) found in the

quenching studies. The individual values of kob s s and

concentrations are listed in the Appendix in Tables A-I to A-

16. Plot.s showing the trends with varying the chromium

polypyridyl and also the organochromium are presented in

Figures II-i through II-3.

Observed rate constants for the quenching of *Cr(bpy)33+

and *Cr(Clphen)33+ by L'CrBr 2+ are presented in Tables II-4

and II-5, respectively. From the data shown in Table II-4, it

appears L'CrBr 2+ is an ineffective quencher for *Cr(bpy)33+.
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A variation of [L'CrBr 2+] of from 3.04 x 10 -4 M to 9.12 x 10 -4

M produces no effect on the kob s and indeed the value of kob s

is that anticipated for ko, the thermal and photochemical

unimolecular deactivation of *Cr(bpy)33+:

*Cr(bpy)33+ > CrL3 3+ + h_ or _ (Ii)

This number has been measured previously to be 1.59 x 104 s-I

in 1 M HCI. 67 In the case of the Clphen complex there appears

to be a slight inverse dependence on [L'CrBr2+]; however, this

may actually be due to the fact that in these runs the acid

concentration varied slightly. How the acid would affect the

quenching is not known, but it should be pointed out that the

rate constants for quenching only vary by ~11% over the

[L'CrBr 2+] range of 3.04 x 10 -4 M to 9.12 x 10-4M and may

reflect experimental error or a real trend due to changes in

ionic strength or acidity. Most important to note is that

like the Cr(bpy)33+ case, Cr(Clphen)33+ excited state is

ineffectively quenched by L'CrBr 2+. One may expect the value

of kob s then to be nearly the same as the measured ko for

*Cr(Clphen)33+ of 8 x 103 s-I 67; however, as pointed out in

Part I, solvent effects have a more profound effect on the

lifetimes of chromium phenanthroline complexes than bipyridine

complexes and so although the kob s measured for the bpy

complex was nearly the same as the previously reported ko, it

is not so unreasonable for the kob s for the Clphen complex not

68,69
to match that for ko.
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Products of quenching reactions

A point by point spectrum was taken of the products

• formed after the quenching reaction for the system

*Cr(bpy)33+-L'Cr(2-Butyl) 2+. No intermediates were observed

and the only product visible over the wavelength range 510 nm

to 650 nm was Cr(bpy)32+. The spectrum favorably (Figure II-

2+ 60
4) compares to that already known for authentic Cr(bpy) 3 .

2+ wereQuantum yields for the formation of CrL 3

determined for quenching by several organochromiums, namely

ethyl, 1-propyl, 1-butyl, 2-propyl, 2-butyl. These

experiments of course were conducted in the absence of [Fe 3+]

even though two of the complexes studied were secondary

alkyls. Thus for these two complexes one would have to assume

the quantum yields are upper limits since there might be some

small effects due to the previously mentioned homolysis

products and their subsequent reactions. The quantum yields

were determined using the ratio # = [CrL32+]/[*CrL33+] where

the concentrations were calculated f_om the solution's

absorbance after the flash for [_CrL33+] (absence of

quencher)(lma x = 445 nm; _ = 3 x 103 M-icm-l) 61 and the

absorbance after the quench for [CrL32+] (Xma x = 560 nm; c =

4.81 x 103 M-Icm-l). 60 The results are presented in Table II-

6 and show the qualitative trend: _prim < #sec. It should

also be mentioned that in the case of quenching by

L'Cr(CH2C6H5 )2+ the amount of CrL32+ produced is very small.
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stoichiometry of the reaction of Ru(bpy)33+__ ___.andL'CrR 2+

Two titrations were performed in order to determine the

stoichiometry of the reaction of organochromiums with

Ru(bpy)33+. In the first titration [15]aneN4Cr(CH2C6H4Br) 2+

was titrated with Ru(bpy)33+ and in the second titration

Ru(bpy)3 3+ was titrated with [15]aneN4Cr(CH2C6H4Br) 2+. These

should nearly represent two limiting situations- one with the

3+
organochromium initially in excess, the other where Ru(bpy) 3

was in excess.

The plots of the absorbance at 450 nm versus the ratio of

the reactants are presented in Figure II-5 and Figure II-6.

The. plots indicate the stoichiometry is i:I approximately

under the condition where organochromium is titrated by the

ruthenium complex, The stoichiometry of the reaction is

approximately 2:1 (two Ru(bpy)33+ to one organochromium) for,

the reverse case--that is where Ru(bpy)33+ is titrated with

organochromium. This is consistent with the idea that

Ru(bpy)33+ oxidizes the organochromium and that this oxidation

is then followed by homolysis of the organochromium. The

homolysis produces L'Cr 3+ and R and so in the case of excess

Ru(bpy)3 3+ (when Ru(bpy)33+ is titrated with L'CrR 2+) R can

react with another Ru(bpy)33+. Of course in the case of

limiting Ru(bpy)33+ only the direct reaction of Ru(bpy)33+ and

L'CrR 2+ occurs; the R is left to dimerize and dis-

proportionate.
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3+ and L'CrR 2+Kinetics of the rea'ction between Ru(bpy) 3

The reactions were studied under conditions of excess

organochromium concentration and the Ru(bpy)33+ was generated

in situ by the quenching of the excited state of RuL32+ by

either Co(NH3)sBr 2+, Co(NH3)5py3+ or Co(NH3)5OH23+. The

individual runs were fit using a first order treatment and

there was a linear dependence on [L'CrR2+], thus:

Rate - k[RuL33+][L'CrR 2+] (12)

In all cases the plots of kob s versus [L'CrR 2+] showed a

negligible or slightly negative intercept and so the data

were fit through the origin assuming no other pathways for

loss of RuL33+. Individual values of kob s and their

respective concentrations are presented in the Appendix in

Tables A-17 to A-34. The rate constants (k) are presented in

Table II-7 and a representative sample are plotted in Figure

II-7.

The rate constants for the reaction of L'Cr(Ethyl) 2+ with

Ru(bpy)33+ in the presence of Co(NH3),Spy 3+ and Co(NH3)5OH23+

as well as the rate constant for the reaction of L'Cr(I-

Propyl) 2+ with Ru(bpy)33+ in the presence of Co(NH3)5py 3+ were

also determined. The values of the observed rate constants

and their respective [L'CrR 2+] are presented in the Appendix

Tables A-27 to A-29. As can be seen in Table II-7 the rate

constants obtained for the ethyl chromium reaction are within

experimental error no different than the result for the

reaction in the presence of Co(NH3)5Br2+. In the case of the
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l-propyl chromium reaction the ratio of the rate constant
b

where Co(NH3)spy 3+ was present to that where Co(NH3)SBr2+ was

present was approximately 1.4, These ratios will be used to

determine an approximate lifetime for the proposed oxidized

organochromium intermediate,
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DISCUSSION

Kinetics of the _nching of _Cr533 + b_ L'CrR 2+

The quenching of the excited state of CrL33+ complexes by

the organochromium complexes appears to obey the rate law:

-d[*CrL33+]/dt . kq[*CrL33+][L'CrR2+] + ko[*CrL33+] (13)

In the presence of excess organochromium, plots of the

logarithm of the emission versus time are linear no' at least

three half lives. Plots of the observed rate constant versus

the organochromium complex were linear indicating a first

order dependence on the organochromium complex (see Figure II

i). The second order rate constants are presented in Table

II-3. The plots of kob s versus [L'CrR 2+ ] had intercepts which

indicates the presence of an organochromium independent

pathway for the loss of the excited state. This

organochromium independent pathway corresponds to the thermal

and photochemical loss of the excited state. Thus the loss of

the excited state can be summarized by the equations:

*CrL33+ --------> h_ or,_ ko (II)

*CrL33+ + L'CrR 2+ ..... > products kq (7)

The products of the quenching of the excited state of *CrL33+

by the organochromium complexes shown in the second equation

above will be discussed more fully later. That the intercepts

of the plots of kob s versus the [L'CrR 2+] is ko can be seen in

• 's are also listed inTable II-8 The previously measured ko

• FTable II-8 The values obtained for the ko s for the

bipyridine and the dimethylbipyridine complexes match within
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experimental error those previously determined for almost all

the the L'CrR 2+ used with the exception of the aral,{yls. In

the case of the aralkyls there is a large variation in the

ko's; the values range from a low of 5.9 x 103 s-I for

L'Cr(CH2C6H4Br) 2+ to a high of 33,3 x 103 s-I for

L'Cr(CH2C6H5 )2+. This variation may be due to the fact that
L

the quenching rate constants (kq) are largest for the aralkyls

and the term kq[L'CrR 2+] may dominate the ko to the extent

that more error is associated with the ko term. The

substituted phenanthroline complexes have ko'_ significantly

different from those of k0's previously measured. This is

most likely the result of the sensitivity of the ko'S which

include the ground state quenching phenomena of the

phenanthroline complexes to medium effects. This same effect

was observed previously in the quenching of *CrL33+ (L -

bipyridine, phenanthroline and their substituted analogues) by

2- 50
C204 •

As mentioned earlier the observed rate constants measured

for the quenching of *CrL33+ by a particular L'CrR 2+ were

directly proportional to the [L'CrR 2+] indicating a first

order dependence on the organochromium concentration. Non-

llnear-least-squares analysis of the data wasperformed to

determine the second order quenching rate constant from the

kob s dependence on [L'CrR 2+] and these values are presented in

Table II-3. The potentials for the *CrL33+/CrL3 2+ couple are:

bpy, 1.44 V; Clphen, 1.53 V; Mephen, 1.39 V; Me2bpy, 1.25 V;
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Me2Phen , 1.23 V. 2 There are two sets of quenching rate

constants in which the organochromium used was the same

(L'Cr(i-Propyl) 2+ and L'Cr(Ethyl) 2+) while the chromium

polypyridyl complex was varied (thus varying the potential of

the reaction). Figure II-8 is a graph of the logarithm of k q

versus the *CrL33+/CrL32+ potential for the two series. From

the graph it is apparent that the quenching of the excited

states are electron transfer processes. Such dependences of

the log( kq ) on the E°,3+/2+ has been observed before for the

50 Tj3+ 7 Fe2+ 8 andquenching of *CrL33+ by oxalate ions, ,

implies an electron transfer rate determining step. The

Slopes of the two lines shown in Figure II-8 are similar

(L'Cr(Ethyl)2+: slope = 1.7; L'Cr(i-PFopyl)2+; slope - 2.0)

indicating that the quenching by the i-propyl chromium and the

ethyl chromium are similar processes.

The reactivity trend when one varies the L'CrR 2+ using

the same *CrL33+ is also presented in Table II-3. The general

trend is: °

primary alkyl < secondary alkyl < aryl alkyl

This is also consistent with an electron transfer mechanism as

seen before in the reactions of (H20)5CrR2+ with Ru(bpy)33+,

and (H20)5CrR2+ with Ni(cyclam) 3+. This trend is also that

observed in the reaction of L"CrR 2+ with Ru(bpy)33_ (vida

infra). All of these reactions are believed to occur via a

mechanism in whicl, electron transfer is rate limiting. The

similarity in thereactivity order between the reaction of
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*CrL33+ with L'CrR 2+_ and the reaction of *CrL33+ with

(H20)sCrR2+ is shown in Figure II-9 which is a plot of the log

t

(kq) versus the log (kq') (where kq refers to the latter

reaction). Figure Ii_.10 is a similar plot showing the

relationship between the quenching reaction of *CrL33+ by

L'CrR 2+ and the reaction of Ru(bpy)33+ with (H20)sCrR2+.

Quenchin_ of *CrL33+ by the inorganic complex L'CrBr 2+

Presented in Table II-4 and Table II-5 are the results

for the quenching of *Cr(bpy)33+ and *Cr(Clphen)33+ by

L'CrBr 2+. It was found that varying the [L'Cr[r 2+] did not

change the measured kob s and also the kob s obtained in the

Cr(bpy)33+ case is similar to the known ko (see Table II-8)

while as expected the kob s for the Cr(Clphen)33+ is slightly

higher than its known kO (vida supra). Thus L'CrBr 2+, if it

does quench *Cr(bpy)33+ does so with kq < 5 x 105 M-is -I and

so is unobservable at the concentrations used.

Previously, it has been postulated that the inorganic

complexes tendedto be the more efficient energy transfer

quenchers of the excited states. 6 If this is true theft the

lack of reactivity of L'CrBr 2. toward the excited state of the

chromium polyDyridyl complexes implies that energy transfer if

it occurs is a minor component in the quenching of *CrL33+ by

the organochromiums.

Quantum yields and the spectrum of the initial product

A point-by-point absorbance spectrum of the product

formed after the quenching of *Cr(bpy)33+ by L'Cr(2-Butyl) 2+
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was taken and is shown in Figure II-4. The trend in

2+
absorbance with wavelength is that expected for Cr(bpy) 3

with peaks near 560 nm nd 640 nm. 60 This indicates that

electron transfer products are made somewhere in the :course of

the reaction--whether by direct rate limiting electron

transfer or and electron transfer step following rate limiting

energy transfer is not known.

The quantum yields for formation of Cr(bpy)32+ were

determined for quenching *Cr(bpy)33+ by L'Cr(l-Propyl) 2+,

L'Cr(Ethyl) 2+, L'Cr(l-Butyl) 2+, L'Cr(2-Propyl) 2+ and L'Cr(2-

Butyl) 2+. The amounts of Cr(bpy)32+ follow the general trend:

primary alkyl.< secondary alkyl

This agrees qualitatively with what one would expect from the

values of the kq's. The secondary alkyls quench more rapidly

2+ before the excited Stateand so can produce more CrL 3

becomes depleted via the deactivation pathway.

The maximum quantum yield (approximately i) is obtained

for the reaction of *Cr(bpy)33+ with,L'Cr(2-Butyl)2+; this is

also the fastest of those used for the quantum yield studies.

It was however, expected that the quantum yields would reach a

limiting value of 2.0. This could come about if the following

mechanism were opera% re:

*CrL33+ + L'CrR 2+ ------->CrL32+ + "L'CrR 3+'' (7)

"L'CrR 3+'' --> L'Cr 3+ + R (14)

R + R > R(-H) + R(+H), R 2 (15)

R + CrL33+ ------> L2Cr(L-R) 2+ + H+ (5)
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Thus for the mechanism above each time a quench occurs it

produces directly a CrL32+. Later after decomposition of the

unstable L'CrR 3+ another mole of CrL32+ is formed. An

alternative may be an energy transfer process as outlined

below:

*CrL33+ + L'CrR 2+ --_> CrL33+ + *L'CrR 2+ (16)

*L'CrR 2+ > L'Cr 2+ + R (17)

R + R > R(-H) + R(+H), R 2 (15)

R + CrL33+ ------> 52Cr(L-R) 2+ + H+ (5)

L,Cr 2+ + CrL33+ _> L'Cr 3+ + CrL32+ (2)

In this energy transfer scheme a quantum yield of 2.0 would

also be expected as the maximum limit, lt is known that

CrL33+ reacts with radicals (R). 66 Also it has been observed

that L'Cr 2+ reacts with CrL33+ on a stopped-flow time scale.

One possibility to explain the lack of abi].ity to reach

the theoretical quantum yield maximum concerns the possibility

of back electron transfer. Many things which quench the

excited state of CrL33+ produce specSes which react with each

other to produce the ground states of the original species.

For example both Fe 2+ and Co(cyclam) 2+ quench the excited

state of Cr(bpy)33+ to make the electron transfer products

Cr(bpy)32+ and either Fe 2+ 8 or Co(cyclam)3+. 9 This is then

2+
followed by the return electron transfer using up Cr(bpy) 3

to make Cr(bpy)33+ and either Fe 2+ or Co(cyclam) 2+. Thus the

possibility may exist for:

*CrL33+ + L'CrR 2+ > CrL32+ + L'CrR 3+ (7)
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CrL32+ + L,CrR 3+ -----> CrL33+ + L'CrR 2+ (18)

Another possibility which exists is that the oxidized

organochromium is somewhat stable. Thus after the initial

quench CrL32. and L'CrR 3+ are produced, a second mole of

2+ is not observed.Cr(bpy) 3

It seems, however, more probable that both of the above

processes are operating thus accounting for the low quantum

yields (Et, l-Pr, I-Bu) as well as the maximum yield of 1.0

(2-Bu).

Reaction o__ffRu(bpy)33+___ w__ith_L'CrR 2+

3+ with L,CrR2+ were studied forThe reactions of Ru(bpy) 3

. the most part by use of a photochemical method. The

Ru(bpy)33+ was generated by quenching the excited state of

Ru(bpy)32. with Co(NH3)sBr2+, Co(NH3)5OH23+ or Co(NH3)5py3+:

*Ru(bpy)32+ + CO(NH3)5Br2+ --> Ru(bpy)33+ + Co II + 5NH4+ (19)

The reaction between Ru(bpy)33+ and L'CrR 2+ was found to be

first order in [L'CrR 2+] and [Ru(bpy)33+], so:

d[Ru(bpy)32+]/dt = k[L'CrR_+][Ru(bpy)33+] (20)

Plots of kob s (determined from formation of Ru(bpy)32+ under

conditions of excess L'CrR 2+) versus [L'CrR 2+] were linear

with practically zero intercepts. The second order rate

constants are summarized in Table II-7. The kinetics as well

2+ isas the fact that the electron transfer product Ru(bpy) 3

observed suggests the following may happen as the rate

determining step:

Ru(bpy)33+ + L'CrR 2+ --> Ru(bpy)32+ + L'CrR 3+ (21)
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The reactivity trend as the organic group (R) is varied is

similar to that for other reactions which are post1_la, ted tor

proceed via an electron transfer rate determining step such as

in the reactions of Ni(cyclam) 3+ i0 or Ru(bpy)33+ ii with

(H20)5CrR 2+.

Effect of different quenchers

What is the fate of the oxidized organochromium produced
t

by reaction of L'CrR 2+ with Ru(bpy)33+ ? The oxidized

organochromium may dissociate to produce radicalsz
i

L'CrR 3+ --- > L'Cr 3+ + R (14)

The radicals may then participate in a variety of reactions

including the dimerization/dlsproportionatlon of the radicals,

reaction with the quencher, Co(NH3)5xn+ or reaction with

Ru(bpy)33+:

R + R - > R(-H) + R(+H), R 2 (15)

R + Co(NH3)sBr 2+ > RBr + Co II + 5NH4+ (22)

R + Ru(bpy)33+ ------> L2Ru(L-R) 2+ + H+ (23)

Radicals are known to react with Co(NH3)5Br 2+ as well as the

other quenche_ studied. Recently the rate constants for the

reactions of ethyl radicals with Co(NH3)sBr2+ and

Co(NH3)5OH23+ were determined to be 2.6 x 106 M-is -I and < 0.2

x 106 M-is -I respectively. 70 Although few rate constants for

the reactions of radicals with Co(NH3)5py 3+ have been measured

they would be expected to be small llke Co(NH3)5OH23+ owing to

the fact that pyridine is a poor bridging ligand unlike Br. II

Rate constants for reaction of hydroxyalkyl radicals with
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Ru(bpy)33+ have been determined as well; the radical

CH2C(CH3)2OH reacts with Ru(bpy)33+ with k - (1.3-1.9) x 109

M-is-l.71, 72 Ru(bpy)32+ which is present in the reaction

solutions here may not react with radicals; only lower limits

for the rate constants of the reactions of CH2C(CH3)2OH, CH2OH,

CH3CHOH have been determined (< 106 M-is -I for all three). 73

Self reaction rate constants for radicals generally tend to be

near approximately 109 (CH3: (1.24-1.6) x 109 74; Ethyl: (0.96-

1.2) x 109 75; cyclopentyl: 1 x 109 76).

Based on the above facts and the previous three equations

one may predict the following. If Co(NH3)5Br 2+ is the quencher

used to produce Ru(bpy)33+ then one would expect the rate law

of the reaction of L'CrR 2+ with Ru(bpy)33+ to be:

Rate - k[L'CrR2+][Ru(bpy)33+] (24)

The radicals produced after decomposition of L'CrR 3+ are

scavenged by the cobalt complex which is in large excess o,;er

the radicals and Ru(bpy)33+ and Ru(bpy)32+.

If, however, Co(NH3)5OH23+ or CQ(NH3)5py 3+ are the

quenchers used, the rate law becomes for the reaction of

L'CrR 2+ with Ru(bpy)33+:

Rate = 2k[L'CrR2+][Ru(bpy)33+] (25)

This occurs because the radicals produced would tend not to be

reactive toward Ru(bpy)32+ Co(NH ) 3+, 3 5PY (or Co(NH3)5OH23+) and

so would react with Ru(bpy)33+. Thus for every L'CrR 2+ which

reacts two Ru(bpy)33+ are used up.
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This pattern has _.ndeed been observed for the reaction of

(H20)sCrR2+ with Ru(bpy)33+ in the presence of Co(NH3)5Br 2+ and

Co(NH3)5py3+. II The slopes of the graph of kcb s versus

[(H20)5Cr(Zthyl)2+] for the reaction of (H20)sCr(Ethyl)2+ with

Ru(bpy)33+ were in the ratio of approximately 2:1 (kpy : kbr).

In the present circumstances the ratios of the rate

constants for the reaction of L'Cr(Ethyl) 2+ with Ru(bpy)33+ are

approximately izl (kpy z kbr - 0.93zi; kaqua:kBr - 0.98_i).

The ratio is (kpy:kBr) 1.4:1 for the reaction of L'Cr(i-

Propyl) 2+ with Ru(bpy)33+. This may indicate the possibility

of a somewhat stable oxidized organochromium. If the

L'Cr(Ethyl) 3+ species has a lifetime longer than it takes for

the direct reaction of L'Cr(Ethyl) 2+ with Ru(bpy)33+, then by

the time radicals are released via decomposition of L'CrR 2+ the

[Ru(bpy)33+] has been exhausted. This idea is also confirmed

by the results for the l-propyl complex. This complex reacts

at a slower rate with Ru(bpy)33+ and thus it may be possible

that some radical is released from L',Cr(l-Propyl) 3+ before all

the Ru(bpy)33+ is consumed, accounting for a ratio of rate

constants of 1.4:1.

Lastly, it should be mentioned that R might possibly react

with L'CrR 2+ such as is known for organocobalt complexes. 77

Recently this has been shown not to occur for the L'CrR 2+

complexes. 78
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The reactivity trend

The reactivity of the various organochromiums with

Ru(bpy)33+ (and *C_(bpy)33+) is primarily related to the

electron withdrawing or donating power of the organic moiety on

the chromium. This has been mentioned already and shown for a

variety of reactions including the reaction of Ru(bpy)33+ with

(H20)SCrR 2+ .

The electron withdrawing or donating nature of the organic

portion of an organochromium is obviously related to the
f

ability of organochromium to be oxidized. Substltuents which

are electron donating should aid the oxidation of the

organochromlum while electron withdrawing substituents would be

expected to hinder the oxidation of an organochromium. This

trend can be shown by observing the correlation between the

rate of reaction of Ru(bpy)33+ and the organochromiums and the

ionization potential of the radicals which are known

quantities. Ideally, one would consider the electrochemical

oxidation potentials of the organoch_omiums as a better measure

of their ability to be oxidized; however, these values are at

present unknown.

The ionization potentials of the carbon centered radicals

have been measured by photoelectron spectroscopy and the values

are: methyl, 9.84; 82 ethyl, 8.51; 82 ;-propyl, 8.69; 81 ;-butyl,

8.64; 81 2-propyl, 7.69; 82 2-butyl, 7.93; 80 cyclohexyl, 7.66; 81

benzyl, 7.20. 79 The logarithm of the rate constants versus the

i
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ionization potential are plotted in Figure II-ll. As can be

seen the trend in ionization potential is:

Ms > l-Pr > I-Bu > Et > 2-Bu > 2-Pr > c-Hsx > Benzyl

and is related to that for the Ru(bpy)33+ reaction:

Ms < l-Pr < l-Bu < Et < 2-Bu < 2-Pr < c-Hsx < Benzyl

This is as anticipated; the higher the ionization potential,

the more difficult the radical is oxidized and so the less

electron donating ability it has. Therefore, a radical with a

high ionization energy is less electron donating and so it

becomes more difficult to oxidize the chromium centre. The

opposite is also true. A radical with a low ionization

potential is easier to oxidize and so is more electron donating

_n the organochromium complex and thus makes the organochromlum

species easier to be oxidized. This trend represented in the

figure is of paramount importance when considering the

reactivity of the organochromium with Ru(bpy)33+.

The trend in the reactivity with *Cr(bpy)33+ with the

various organochromiums is similar. ,The trend is:

Me < Et < l-Pr < l-Bu < 2-Pr < c-Hsx < 2-BU < Benzyl

The general trend of primary alkyl < secondary alkyl < aryl

alkyl still holds; however, some of the individual members in

each of the subseries are out of order. For example, ethyl and

2-butyl are not in the right locations in terms of their

reactivities. The reason for these inconsistencies is not

known; however, there may be some relation to the fact that

the rate constants for the _Cr(bpy)33+ are so large (they vary
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only over a range of 100-fold), Thus while there is a large

reactivity range for the Ru(bpy)33+ (kl ~i0 to -109 ) the range

is more compressed for the *Cr(bpy)33+ (ks ~106 to -109). The

small _eactivity range may then dilute the differences between

individual members in a subseriss (the primary alkyl, secondary

alkyl or arylalkyl).

The reactivity trend in term_ of the reactions of

Ru(bpy)33+ with the para substituted benzyl chromium compounds

also indicates that the reaction is dependent on the electron

withdrawing nature of the organic group. The Hammett sigma

values are: CF 3, +0,54; Br, +0,23; Cl, +0.23; F, +0,06; H,

0.00; CH 3, -0.17; OCH3, -0.27, A plot of the data is shown in

Figure ii-12. Again one sees that the rate constants for the

oxidation of the organochromlums by Ru(bpy)33+ is influenced by

the electron withdrawing or donating abilities of the organic

moieties. The more electron donating (for example OCH 3) groups

have larger rate constants while the more electron withdrawing

on8 have smaller values of k (for example CF3). The value of

p, the Hammett reaction constant determined from the slope of

Figure II-12 is -2.0, This value is very similar to that found

(-2.5) from the data obtained for the oxidation of the

2- 30 In thisorganocobalt complexes (RCo(dmgH) 2) by IrCl 6 .

series it would a'.so be expected that the greater the electron

donating ability of the organic part, the easier the complex is

to be oxidized.
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Lifetime of the oxidized o_rqanochromium interm?dlate L L'_[R 3+

The reaction of Ru(bpy)33+ with the organochromlum species

L'CrR 2+ is thought to produce initially the one electron

oxidized species L'CrR 3+, Indeed the scheme for the reaction

is as outlined bel(,w!

Ru(bpy)33+ ,. L'CrR 2+ -----> Ru(bpy)32+ 4, L'CrR 3+ (21)

5'CrR 3+ -------> L'Cr 3+ + R (14)

R + R ......> R(-H) + R(+H), R 2 (15)

R + Co(NH3)5 Xn. ------> RX + Co 2+ + 5 NH 3 (26)

R + Ru(bpy)33+ .........> (bpy)2Ru(bpy-R)2+ + H+ (23)

lt has been shown that if the above scheme holds true and if

the decomposition reaction of L'CrR 3+ :is a fast process then a
r

factor of two should exist between the measured rate constant

for the reaction when performed in the presence of

Co(NH3)sBr2+and the result obtained in the presence of

Co(NH3)spy3+ or Co(NH3)5OH23+, This was observed in the

reaction of Ru(bpy)33+ with (H20)sCrR 2+.

In the present situation, the reaction of Ru(bpy)33+ with

L'CrR 2+ this factor of two was not observed The lack of thisf

factor is believed to be due to the stability of the oxidized

organochromium species L'CrR 3.. Previous studies have

indicated the possible stability of this species, or alluded to

the existence of L'CrR 3+. In the reaction of ABTS-

(ABTS 2- is 2,2[-.azinobis-(3-ethylbenzthiazoline-6-sulphor, ate))

with L'CrR 2+ a kinetic inhibition by [ABTS 2-] was observed

implying an equilibrium process between reactants and the
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i

productsABTS 2" and L'CrR3+, 13 The reaction of IrC163" with
i

L'Cr(CH2C6H4Br)2+ was found to be first order under all

concentration conditions studied. 13 If this is truly the case

then the L'CrR 3+ must be stable enough such that a second stage

2-
(R + IrCl 6 ) was not observed. In this study an upper

limiting value of 57 s-I was determined for the decomposition
i

of L'Cr(CH2C6H4Br)3+.

Kinetic simulations were performed in an attempt to

determine a lifetime for L'Cr(Ethyl) 3+, These simulations were

performed on the scheme previously mentioned and assuming the

lack of a kinetic factor of two (between the rate constant

measured in the presence of Co(NH3)sBr 2+ and that measured in

the presence of either Co(NH3)5py 3+ or Co(NH3)5OH23+) was due

to the stability of L'CrR 3+,

The rate constants used in the simulations were mostly

those previously determined. The rate constant for the direct

3+ with L'CrR 2+ was taken to be 2.13 x 104reaction of Ru(bpy) 3

M-is -l which was that measured (see Table II-7). The rate

constant for the reaction of ethyl radicals with Co(NH3)5Br2+

has been recently measured to be 2.6 x 106 M-is-l, 70 and the

rate constant for the dimerizatlon/disproportionation of the

ethyl radicals was taken to be 1 x 109 M'is-l. 75 The rate

constants for the reaction of CH3CH 2 with Co(NH3)spy 3+ and

Co(NH3)5OH23+ are not known but should be small. An upper

limit of 2 x 105 M-is -I was inferred from some laser flash

photolysis experiments performed on the reaction of the ethyl

IPl
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radical with Co(NH3)5OH23+. 70 Indeed, the slowness of the

reaction of radicals with Co(NH3)5py 3+ was the cause of the

kinetic factor of two in the reaction of (H20)sCr(Ethyl)2+ with

Ru(bpy)33+, For the purposes of the kinetic simulations the

rate constants for these reactions were taken to be 3, x l04

M-is -I, This number would afford no interference from this
q

pathway in the reaction of (H20)5Cr(Ethyl)2+ with Ru(bpy)33+.

The reaction of Ru(bpy)33+ with CH2C(CH3)2OH has been studied

and its rate constant determined to be (1.3 - 3..9) x 108

M-is-l.71, 72 In an attempt to obtain a better estimate of this

rate, data obtained from the reaction of (H20)5Cr(Ethyl) 2+ with

Ru(bpy)33+ was used along with kinetic simulations. The

measured rate constant for this reaction is 2.0 x 105 M-is-1. li

The scheme used for these simulations is as shown belowz

(H20)5Cr(Ethyl) 2+ + Ru(bpy)33+ ----->

Ru(bpy)32+ + CH3CH 2 + (H20)6Cr3+ (27)

CH3CH 2 + CH3CH 2 ------> Products (28)

CH3CH 2 + Co(NH3)5xn+ .-------AProducts (29)

CH3CH 2 + Ru(bpy)33+ .......> Ru(bpy)32+ + products (30)

The rate constant for the reaction of ethyl radicals with

Ru(bpy)33+ was determined to be greater than or equal to 2 x

108 M-is -I which is reasonable when considering the value known

for the reaction with CH2C(CH3)2OH. Based on some preliminary

results 83 it is believed the rate constant should not exceed

approximately 108 M-Is -I.
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These rate constants along with the data for the

L'Cr(Ethyl) 2+ reaction with Ru(bpy)33+ (Appendix tables) were

then used to determine the rate constant for the decomposition

of L'Cr(Ethyl) 3+. A number on the order of 20 s-I seems

appropriate from the simulations to account for the absence of

the kinetic factor of two. This is slightly smaller than that

determined for the L'Cr(CH2C6H4Br)3+; however, this may reflect

the stability of the oxidized primary alkyl chromium over the

oxidized ar_ alkyl chromium.

Simulations were also performed for the reaction of the

L'Cr(l-Propyl) 2+ with Ru(bpy)33+ in the presence of

Co(NH3)5Br2+ and Co(NH3)5py 3+. The experimental ratio of rate

constants was found to be equal to approximately 1.4 and the

simulations confirm this result if the decomposition of the

oxidized organochromium has a rate constant of approximately 20

s-I. The values of the rate constants used in the simulations

were the same (except for the Ru(bpy)33+ + L'Cr(l-Propyl) 2+

which the experimental value of 3.5 x 103 M-is -I was used) as

those used for the simulations performed above for the ethyl

chromium complex _ lt is not entirely unusual for radicals such

as ethyl, 1-propyl and even 1-butyl to react with similar rate

constants; indeed, this is £he case for the reaction of

radicals with Ni([14]aneN4)2+. 84,85 Simulations performed

under these conditions imply that a ratio in the rate constants

of 1.48 would be anticipated from the data for the two

L
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different quenchers which is in agreement with the ratio

observed.

One may ask why no difference was encountered forthe

reaction of the ethyl chromium complex in the presence in the

different quenchers but was observed for the 1-propyl chromium

complex. This is due to the difference in the rate constant

for the direct reaction of the organochromium complex with

Ru(bpy)33+; the ethyl complex reacts almost six times faster

than the 1-propyl thus before radicals can be generated to any

significant extent the Ru(bpy)33+ has been depleted. In the

case of the 1-propyl, the reaction is slow enough that the

oxidized organochromium can decompose producing radicals which

react with Ru(bpy)33+ still present (when Co(NH3)5py 3+ is

present).

i
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Table II-i. Spectral Parameters for the Various

[15]aneN4Cr(CH2C6H4X)2+ Complexes a

X X(nm) X(nm) l(nm) k(nra)

e (M-icm -1 ) e (M-icm -I ) _ (M-icm -I ) e (M-icru -1 )

F 353 296 274 285

1830±140 6470±460 7540±520 ......

C1 360 302 283 246

2010±280 8680±1380 9500±1350 8170±1060

CF 3 353 300 284 243

1800±220 8330±850 8540±910 8280±840

OCH 3 362 295 282 245

1920±340 9490±910 10110±I040 6980±400

i

CN 371 310 257 210

aThese should not be regarded as absolute values but

rather lower limits due to possible decomposition.
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Table II-2. Observed Rate Constants for the Reaction of

_Cr(bpy)33+ and L'Cr(2-Pr) 2+ a

[Fe3+]/mM 105 x [Cr(bpy)33+]/M 10 ..4 x kobs/S-i

0.0 5.36 21.9

2.7 5.36 15.1

5.4 5.36 18.4

8.2 5.36 15.9

8.2 8.04 15.5

8.2 i0.7 14.9

10.7 5.36 16.5

a[L'Cr(2-Pr)2+] = 1.18 x 10 -3 M and at (23 ± 2)°C.
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Table II-3. Rate Constants for the Quenching of *CrL3 3+

by L' CrR 2+ a

L R 10 -7 x kq/M-is -I

bpy Me 0.283 ± 0.050

bpy Et 0.54 ± 0.06

Clphen Et 1.28 ± 0.I0

Mephen Et 0.49 ± 0.ii

Me2bpy Et 0.377 ± 0.010

bpy 1-Pr 0.89 ± 0.04

bpy l-Bu 1.17 ± 0.06

bpy 2-Pr 10.8 ± 0.7

Clphen 2-Pr 19.3 ± 1.5

Mephen 2-Pr 7.4 ± 0.2

Me2Phen 2-Pr 4.5 ± 0.4

bpy 2-Bu 12.7 ± 0.5

bpy c-hex , 12.2 ± 0.i

bpy benzyl 95.5 ± 2.1

bpy bromobenzyl 141 ± 4

bpy xylyl 155 ± 5

aAt (23 ± 2)°C.
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Table II-4, Observed Rate Constants for the Quenching of

*Cr(bpy)33+ by L'CrBr 2+ a

104 x [L'CrBr2+]/M 10 -3 x kobs/S -I

9.12 16.3

7.60 16.2

6.08 17.2

4.56 16.8

3.04 16.95

a[cr(bpy)33+] = 3.16 x 10 -5 M and at (23 _+ 2)°C.
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TableII-5, Observed Rate Constants for the Quenching of

_Cr(Clphen)3 3+ by L'CrBr 2+ a

,L

104 x [L'CrBr2+]/M 10 -4 x kobs/S -I

9.12 21.3

7.60 21.8

6.08 23.2

4.56 23.7

3.04 24.0

a[cr(bpy)33+] = 2.31 x 10 -5 M and at (23 + 2)°C.
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2+
Table II-6. Quantum Yields of Formation of Cr(bpy) 3

R i04 x [L'CrR2+]/M i05 x [Cr(bpy)33+]/M

1-Pr 14.0 12.2 0.i0

l-Pr 10.5 12.2 0.067

1-Pr 7.00 12.2 0.091

2-Pr 11.5 12.2 0.55

2-Pr 8.65 12.2 0.44

2-Pr 5.77 12.2 0.39

2-Pr 11.5 8.11 0.49

2-Pr ii. 5 4.05 0.63

l-Bu 14.7 12.2 0. 072

l-Bu ii. 0 12.2 0. 020

l-Bu 7.35 12.2 0. 045

2-Bu 15.5 12.2 0.85

2-BU ii. 6 12.2 I. 06

2-Bu 7.75 , 12.2 1.00

Et 12.8 12.2 0.16

Et 9.63 12.2 0. 054
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Table II-7. Second Order Rate Constants for the Reaction

of Ru(bpy)33+ with L,CrR 2+ a

R k2/M-is -I

Me (1.4 ± 0.05) x i0

Et (2.13 ± 0.04) × 104

Et b (2.04 ± 0.03) x 104

Et c (2.14 ± 0.12) x 104

l-Pr (3.5 ± 0.09) x 103

l-Pr b (5,10 ± 0.27) x 103

I-Bu (3,8 ± 0.09) × 103

2-Pr (4.74 ± 0.25) x 106

2-Bu (1.42 ± 0.08) x 106

c-hex (1.18 ± 0.03) x 107

p-trlfluoromethylbenzyl (2.72 ± 0.ii) x 107

p-fluorobenzyl (2.95 ± 0.03) x 108

p-chlorobenzyl (3.84 ± 0.21) x 108

p-bromobenzyl (4.27 ± 0.08) x 108
I

p-bromobenzyl c (4.10 ± 0.22) x 108

benzyl (5.51 ± 0.21) x 108

p-xylyl (1.05 ± 0.02) x 109

p-methoxybenzyl (1.23 ± 0.04) x 109

aAll rate constants measured at (23 ± 2)°C and with

Co(NH3)5Br2+ as the quencher unless stated otherwise.

bQuencher used to produce RuL33+ was Co(NH3)spy 3+.

CQuencher used to produce RuL33+ was Co(NH3)5OH23+.
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Table II-8, Rate Constants for the Organochromlum

Independent Loss of Excited State (kO)

,,, ,r....... tL _ --- i i,,,l,, j i , J ,,,:....................,

CrL33+ L'CrR 2+ 10 -3 x ko/s-i 10 -3 x koaCt/s'l a

bpy Me 15.1 14.3 - 19.6 b

bpy Et 13.3

Clphen Et 19.8 5.55 - 7.69 c

Mephen Et 13.0 2.38 - 3.70 d

Me2bpy Et 5.84 3.23 - 4.76 e

bpy 1-Pr 14.9

bpy l.Bu iI.i

bpy 2-Pr 20.5

Clphen 2-Pr 66.5

Msphen 2-Pr 24,5

Me2Phen 2-Pr 32.4 1.7_ - 2.94

bpy 2-Bu 12,6

bpy c-hexyl 15.1

bpy benzyl 33.3

bpy Brbenzyl 5.89

bpy xylyl ii. 9

akoaCt refers to literature values.

bsee reference 5b and 5c.

CSee reference 3 and 8b0

dsee reference 3.

esee reference 3 and 2.

fSee reference 3 and 8b.
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Figure II-1. Quenching of *Cr(bpy)33+ by the organochromiums

L,Cr(l-Pr) 2+ ( + ), L,Cr(CH2C6H4Br) 2+ ( o ) and

L'Cr(CH2C6H5 )2+ ( • ) and L'Cr(2-Bu)2+ ( * ) at

(23 _+ 2)°C
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Figure II-2. Quenching of *CrL33+ by L'Cr(Et) 2+, where

L is Clphen ( • ), bpy ( o ), Mephen ( + )

. and Me2bpy ( * ) at (23 + 2)°C
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Figure II-3. Quenching of *CrL33+ by L'Cr(2-Pr) 2+, where

L is Clphen ( m )t bpy ( + ), Mephen ( o )

and Me2Phen ( * ) at (23 ± 2)°C
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Figure II-4. Final product spectrum for the quenching of

*Cr(bpy)33+ by L'Cr(2-Bu) 2+
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Figure II-5. P10t of the absorbance at 450 nm versus the

ratio of reactants for the titration of

Ru(bpy)33+ by [15]aneN4Cr(CH2C6H4Br)2+
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Figure ZI-6. Plot of the absorbance at 450 nm versus the

ratio of reactants for the titration of

[15]aneN4Cr(CH2C6H4Br)2+ by Ru(bPY)33+
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Figure II-8. Plot of iog(kq) versus E°,3+/2+ for the

reaction of *CrL3 3+ with L'Cr(Ethyl) 2+ ( + )

and with L'Cr(2-Propyl)2+ ( ® )
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Figure II-9 Plot of log(kq) for the reaction of *Cr(bpyi33+

with L'CrR 2+ versus log(kq) for the reaction

of *Cr(bpy)33+ with (H20)sCrR2+
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Fmgure II-11. Plot of the logarithm of the rate constants

for the reaction of Ru(bpy)33+ ( @ ) and

*Cr(bpy)33+ ( o ) with the organochromiums

versus the ionization potential of the

radicals (lp).
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APPENDIX

Table A-I. Rate Constants for the Quenching of the

Excited State of Cr(bpy)33+ by the

L'CrCH32+ Ion a

103 x [L'CrCH32+]/M 10 -4 x kobs/S -I

1.56 1.95

1.42 1.94

1.28 1.87

1.14 1.81

0.994 1.79

0.852 1.70

0.710 1.76

0

a[cr(bpy)33+] = 5.47xi0 -5 M. In 0.2 M NaCIO 4 and

i0 mM HClO 4 .
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Table A-2. Rate Constants for the Quenching of the

Excited State of Cr(bpy)33+ by the

L'Cr(CH2CH3)2+ Ion a

104 x [L'CrCH2CH32+]/M 10 -4 x kobs/S-i

13.1 2.11

11.5 2.03

9.85 1.77

8.20 1.72

6.55 _ 1.70

4.92 1.60

3.28 1.48

1.69 1.47

a[cr(bpy)33+] - 2.94xi0 -5 M. In 0.2 M NaCIO 4 and

i0 mM HCIO 4 .

L
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Table A-3. Rate Constants for the Quenching of the

Excited State of Cr(bpy)33+ by the

L,Cr(l-Propyl) 2+ Ion a

104 x [L'Cr(l-Propyl)2+]/M 10 -4 x kobs/S-i

14.3 2.55

12.5 2.49

8.05 2.01

6.70 1.87

5.40 1.77

4.035 1.72

2.69 1.54

a[cr(bpy)33+] = 2.94xi0 -5 M. In 0.2 M NaCiO 4 and

i0 mM HClO 4 .



145

Table A-4o Rate Constants for the Quenching of the

Excited State of Cr(bpy)33+ by the

L'Cr(l-Butyl)2+ ion a

104 x [L'Cr(l-Butyl)2+]/M 10 -4 x kobs/S,1

15.0 2.91

13.1 2.70

i1.2 2.45
I

9.35 2.06

7.48 1.95

5.61 1.775

3.74 1.59

1.87 1.32

a[cr(bpy)33+] = 2.94xi0 -5 M. In 0.2 M NaCIO 4 and

10 mM HCIO 4 .
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Table A-5. Rate Constants for the Quenching of the

Excited State of Cr(bpy)33+ by the

L,Cr(2-Propyl) 2+ Ion a

103 x [L'Cr(2-Propyl)2+]/M 10 -4 x kobs/S-i

1.895 22.8

1.66 18.7

1.42 15.8

1.18g 21.9

1.18 d 15.1

1.18 e 18.4

1.18 15.9

1.18 f 16.5

1.18 b 15.5

1.18 c 14.9

0.95 13.3

0.71 10.9

0.47 7.79

0.28 4.67

aAll 0.2 M NaCIO4, i0 mM HCIO4, [Cr(bpy)33+] - 5.36 x

10-5M and [Fe 3+] = 8.2 mM.

b[cr(bpy)33+] = 8.04 x 10 -5 M.

C[Cr(bpy)33+] = 10.7 x 10 -5 M.

d[Fe3+] = 2.7 mM.

e[Fe3+] = 5.4 mM

f[Fe 3+] = 10.9 mM.

gNo iron.
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Table A-6. Rate Constants for the Quenching of the

Excited State of Cr(bpy)33+ by the

L,Cr(2-Butyl) 2+ Ion a

103 x [L'Cr(2-Butyl)2+]/M 10 -4 x kobs/S -I

1.47 20,8

1,28 16.6

i.i0 14.7

0.916 13.9

0.733 ii.i

0.550 8.23

0.367 5.47

0.183 3.72

a[cr(bpy)33+] = 5.47xi0 -5 M. In 0.2 M NaClO 4 and
i

10 mM HCIO 4. [Fe 3+] = 8.2 mM.
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Table A-7 . Rate Constants for the Quenching of the

Excited State of Cr(bpy)33+ by the
6

L,CrC6HII2+ 2on a

103 x [L'CrC6HII2+]/M 10 -4 x kobs/S -I

1.02 14.4

0.891 13.0

0.764 i0.7

0.63'7 10.4

0.509 7.46

0.382 5.56

0.255 4.36

0.127 3.34

a[cr(bpy)33+] ,, 3.73x10 -5 M. [Fe 3+] - 6.71 mM. In

0.2 M NaCIO4, i0 mM HCIO 4.
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i

Table A-8, Rate Constants for the Quenching of the

Excited State of Cr(bpy)33+ by the

L'CrCH2C6H52+ Ion a

10 3 x [L'CrCH2C6H52+]/M 10 -4 x kobs/S -I

1.08 ii0,

0,899 88.2

0.719 73.1

0.540 55.9

0.360 37.9

0,180 20.2

0,108 12.6

0,036 7.09

a[cr(bpy)33+] - 4.02xi0 -5 M. In 0.2 M NaCIO 4 and

i0 mM HCIO 4 .
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Tabl_ A-9. Rate Constants for the Quenching of the

i,.... Excited State of cr(bpy)33+ by the
b

L'CrCH2C6H4CH32+ Ion a

104 x [L'CrCH2C6H4CH32+]/M 10 -4 x kobs/S -I

4.32 71.7

3.80 59.1

3,28 55,7

_,76 45.9

2.25 38.5

1.73 27.4

],.21 18.3

0.691 10.7

0.173 4.06

.......
!

a[cr(bpy)33+] - 3.73xi0 -5 M. In 0.2 M NaCiO 4 and i0

mM HClO 4 .
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Table A-10. Rate Constants for the Quenching of the

Excited State of Cr(bpy)33+ by the

L'Cr(CH2C6H4Br)2+ Ion a

104 x [L'Cr(CH2C6H4Br)2+]/M 10 -4 x kobs/S "I

2.44 38.0

2.13 31.5

1,83 25.7

1.52 21.5

1.22 17.9

0.914 12.8

0.609 9.11

0.305 5.01

a[Cr(bpy)33+] - 3.73xi0 -5 M. In 0.2 M NaClO 4 and I0

mM HCIO 4 .
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_'abls A-II, Rats Constants for ths Qusnching of ths

Excltsd Stats of Cr(5-Clphsn)33+ by ths

L'Cr (2-Propyl) 2+ Ion a

103 x [L'C_'(2-Propyl)2+]/M 10 "4 x kobs/S -I

1.895 37.3

1.66 39.9

1.42 33.8

i .18 31.9

0.95 27,7

0.71 21,7

0.47 16.6

0.28 ii .i

, , j_ ,,,, L i ., ,,i, l, , _ J.,.,., -

a[cr(5-Clphsn)33+] - 3.56 x 10 -5 M. In 0.2 M NaCIO 4

and i0 mM HCIO 4. [Fs 3+] = 8.2 mM,
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Table A-12, Rate Constants for the Quenching of the

Excited State of Cr(4,7-diMephen)33+ by the

L, Cr(2-Propyl) 2+ Ion a

103 x [L'Cr(2-Propyl)2+]/M 10-4 x kobs/S-i

3.34 18.7

2.86 14.6

2.38 13.6

1.91 11.4
(

1.43 11.4

0.953 8.13

0.476 5.01

/

J.

a[cr(4,7-diMephen)33+] - 3.14 x 10 -5 M. In O.2 M

NaCIO 4 and i0 mM HCIO 4.
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Table A-13. Rate Constants for the Quenching of the

Excited State of Cr(5-Mephen)33+ by the

L,Cr(2-P[opyl) 2+ Ion a

103 x [L'Cr(2-Propyl)2+]/M 10 -4 x kobs/S-i

3.34 26.7

2.86 22.5

2.38 2o.7

1.91 16.7

1.43 13.5

0.953 9.97

0.476 5.79

a[cr(5"Mephen)33+] = 2.95 x 10 -5 M. In 0.2 M NaCIO 4

and I0 mM HCIO 4.

i



Table A-14. Rate Constants for the Quenching of the

Zxcited State of Cr(4,4'-diMebpy)33+ by ti%e

L'CrCH2CH32+ Ion a

103 x [L'CrCH2CH32+]/M 10 -4 x kobs/S -I

2.i6 1.22

1.89 1.25

1.62 1.20

1.35 0.946

0.810 0.883

a[cr(4,4'-diMebpy)33+] - 2.90 x i0-[_ M. In 0.2 M

NaClO 4 and l0 mM HC10 4.
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Table A-15. Rate Constants for the Quenching of the

Excited State of Cr(5-Mephen)33+ by the

L'CrCH2CH32+ Ion a

103 x [L'CrCH2CH32+]/M 10 -4 x kobs/S -I

2.16 2.59

1.89 2.07

1.62 2.04

1.08 1.77

0.810 1.88

0.540 1.51

a[cr(5-Mephen)33+] = 2.95 x 10 -5 M. In 0.2 M NaClO 4

and 10 mM HC10 4.

I
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Table A-16. Rate Constants for the Quenching of the

Excited State of Cr(5--Clphen)3 3+ by the

2+ ion aL'CrCH3CH 3

103 x [L'CrCH2CH32+]/M 10 -4 x kobs/S, 1

2.16 4.74

i .89 4.60

1.62 4.09

1.35 3.45

1.08 3.51

0.81.0 3.03

0.540 2.50

0.270 2.46

a[cr(5-Clphen)33+] = 3.95 x 10 -5 M. In 0.2 M NaCIO 4

and i0 mM HClO 4.
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3+
Table A-17. Rate Constants for the Reaction of Ru(bpy) 3

s

with L'Cr(CH3)2+ a

103 x [L'Cr(CH3)2+]/M 102 kobs/S-i

1.54 2.46

1.23 1.68

0.924 1.22

0.616 0.840

0.308 0.478

a[RuL33+] = 3.83 x 10 -6 M. In 0.2 M NaClO 4 and I0 mM

HCIO 4 .



3.59

3-1-
Table A-18. Rate Constants for the Reaction of Ru(bpy) 3

with )"rcL'(,_thyl)2+ a
, I

I

104 x [L'Cr(Ethyl)2+]/M kobs/S -I

1.72 36.0

1.45 32.1

1.29 27 .i

1.27 27.5

1.09 22.7

0.908 18 5

0.859 18.2

0.727 14.4

0.545 10.9

0.429 9.88

0.363 8.22

0.182 , 5.54

a[RuL33+] = 5 x 10 -6 M. [Co(NH3)5Br 2+] = 0.88.3 -

1.4 mM. In 0.2 M NaClO 4 and I0 mM HClO 4. I
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3+
Table A-19. Rate Constants for the Reaction of Hu(bpy) 3

with L'Cr(l-Propyl) 2+ a

h ,,

104 x [L'Cr(l-Propyl)2+]/m kobs/S-i

7.94 2.68

5.96 1.96

3.97 1.48

1.99 0.56

a[RuL33+] m 5 x 10 -6 M. [Co(NH3)sBr2+ ] m 1.01 mM.

In 0°2 M NaCiO 4 and i0 mM HCIO 4.

Table A-20. Rate Constants for the Reaction of Ru(bpy)33+

with L'Cr(1-Butyl)2+ a

104 x [L'Cr(l-Butyl)2+]/M kobs/S -I

8.92 , 3.,39

6.69 2.35

4.46 1.74

2.23 0.79

a[RuL33+] = 5 x 10 -6 M. [Co(NH3)5Br 2+] : i.i0 mM.

In 0.2 M NaCIO 4 and i0 mM HCIO 4.
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3+
Table A-21. _ Rate Constants for the Reaction of Ru(bpy) 3

with L'Cr(2-Propyl) 2+ a

L,

104 x [L'Cr(2-Propyl)2+]/M 10 -2 x kobs/S -I

6.14 19.6

5.37 17.7

4.61 13.5

3.84 10.4

3.07 8.07

2.30 7.11

1.54 3.75

0.768 1.94

a[RuL33+] = 5 x 10 -6 M . [Co(NH3)5Br2+] _ 5.30 mM.

In 0.2 M NaClO 4 and i0 mM HClO 4. 0
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3+
Table A-22. Rate Constants for the Reaction of Ru(bpy) 3

with L'Cr(2-Butyl) 2+ a

104 x [L'Cr(2-Butyl)2+]/M 10 -2 x kobs/S-I

5.73 9.20

5.02 7.38

4.30 6.18

3.58 5.21

2.87 4.35

2.15 2.84

1.43 1.83

0.717 i .20

a[RuL33+] = 5 x 10 -6 M. [Co(NH3)5Br2+] - 0.922 mM.

In 0.2 M NaCiO 4 and i0 mM HCIO 4.
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3+
Table A-23. Bate Constants for the Reaction of Ru(bpy) 3

with L'Cr(e-Hsx) 2+ a

104 x [L'Cr(c-Hsx)2+]/M l0-3 x kobs/S-i

6,08 7.09

5,32 6,41

4.56 5.68

3,80 4.72

3,04 3.51

2.28 2.42

1.52 1.66

0.760 0,787

a[RuL33+] - 5 x 10 -6 M. [Co(NH3)5Br2+] - 5.30 mM.

In 0.2 M NaClO 4 and i0 mM HCIO 4.
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Table A-24. Rate Constants for the Reaction of Ru(bpy)33+

with L'Cr(CH2C6H 5)2+ a

i=,_ __ __ ,. r - ,........... .,, J ,, --- .... _ .. t

104 x [L'Cz'(CH2C6HB)2+]/M 10 -4 x kobs/S -I

3.98 20.25

3.48 19.7

2.98 16.1

2.49 11.9

1.99 11.5

1.49 7.85

0.994 5.27

0.497 2.19

a[RuL33+] m 5 x 10 -6 M. [Co(NH3)5Br 2+] m 0.782 mM.

In 0.2 M NaCiO 4 and i0 mM HClO 4.
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r

3+
Table A-25, Rate Constants for the Reaction of Ru(bpy) 3

with L'C_'(CH2C6H4Br)2+ a

104 x [L'Cr(CH2C6H4Br)2+]/M 10 '-4 x kobs/S -I

4.95 23.1

4,33 20,9

3,71 17 .i

3,.10 13,5

2,4_ 11.8

1.8<5 7,99

1.24 5.04

0.619 2.12

a[RuL33+] ' - 5 x 10 -6 M. [Co(NH3)5Br2+] - 1.04 mM.

In 0.2 M NaCiO 4 and i0 mM HCIO 4.
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3+
Table A-26, Rate Constants for ths R_actlon of Ru(bpy) 3

with L'Cr(CH2C6H4CH3) 2+ a

104 x [L'Cr(CH2C6H4CH3)2+]/M i0 -4 x kobs/S -I

5,80 63,6

5,80 64,4

5,08 56,0

4,35 43,3

3.63 35.6

2,90 28.5

2.90 26.7

2.18 19,2

1.45 12,6

0.725 5.61

0.290 " 2.57

I

a[RuL33+ ] - 5 x 10 -6 M. [Co(NH3)5Br2+] - 1,15 mM.

In 0.2 M NaCiO 4 and i0 mM HClO 4,
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Table A-27, Rats Constants for ths Rea_ction of Ru(bpy)33+

with L'Cr(Zthyl)2+ a

, ,,, i

103 x [L'Cr(Ethyl)2+/M kobs/S-i

1,27 25.5

i.ii 23.0

0.950 19.0

0.633 13.6

a[BuL33+] - 5 a 10 "6 M, [Co(NH3)spy 3+] - 5.19 mM,

In 0.2 M NaCiO 4 and i0 mM HClO 4,

!
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i

Table A-28. Rate Constants for the Reaction of Ru(bpy)33+

with L'Cr(l'Propyl) 2+ a

I03 x [L'Cr(l-Propyl)2+]/M kobs/S -I

1.66 7.93

1.45 7.49

1.25 5.95

0.831 5.44

0.415 2.56

a[RuL33+] m 5 x 10 -6 M. [Co(NH3)5py3+l - 5.19 mM.

In 0.2 M NaCIO 4 and i0 mM HCIO 4.
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Table A-29. Rate Constants for the Reaction of Ru(bpy)33+

with L'Cr(Ethyl) 2+ a

103 x [L'Cr(Ethyl)2+]/M kobs/S-i

1.165 22.25

1.02 19.35

0.874 17.1

0.728 15.0

0.583 13.95

0. 437 Ii. 1

0.291 8.33

,,,, f

a[RuL33+] = 5 x 10 -6 M. [Co(NH3)5OH23+] _ 6.33 mM.

In 0 2 M NaClO 4and 10 mM HClO 4.
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3+
Table A-30. Rate Constants for the Reaction of Ru(bpy) 3

with L'Cr(CH2C6H4F)2+ a

i

104 x [L'Cr(CH2C6H4F)2+]/M x kobs/S-i10-4

6.03 18.6

5.28 13.9

4.53 13.4

3.77 ii .05

3.02 8.76

2.26 6.60

1.57 4.37

a[RuL33+] - 8.0 x 10 -6 M. [Co(NH3)5Br2+] _: 5.8 mM.

In 0.2 M NaClO 4 and 10 mM HC10 4.

I

i
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Table A-31. Rate Constants for the Reaction of Ru(bpy) 3

with L'Cr(CH2C6H4CI)2+ a

104 x [L'Cr(CH2C6H4CI)2+]/M 10 -4 x kobs/S-i

2'.90 9.92

2.58 8.70

2,.20 7.22

1.93 6.53

1.61 4.95

1.29 3.55

0.967 2.92

0.645 1.26

a[RuL33+] - 2.6 x 10 -6 M. [Co(NH3)5Br2+] - 3.8 mM.

In 0.2 M NaC10 4 and 10 mM HClO 4.

I
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Table A-32. Rate Constants for the Reaction of Ru(bpy)33+

with L'Cr(CH2C6H4CF3 )2+ a

104 x [L'Cr(CH2C6H4CF3)2+]/M 10 -3 x kobs/S -I

3.82 9.14

3.39 8.75

2.97 6.54

2.54 5.74

2.12 4.14

1.70 3.14

1.27 2.26

a[RuL33+] = 2.6 x 10 -6 _. [Co{NH3)5Br2+] - 3.8 mM.

In 0.2 M NaC10 4 and 10 mM HCIO 4.
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Table A-33. Rate Constants for the Reaction of Ru(bpy)33+
I

with L'Cr(CH2C6H4OCH3 )2+ a

,, ,_- -

I04 x [L'Cr(CH2C6H4OCH3)2+]/M 10 -4 x kobs/S-I

2.37 28.4

2.11 24.1

1.85 20.3

1.58 17.6

1.31 14.7

1.05 10.9

0.791 7.23

0.527 4.82

a[RuL33+] = 2.6 x 10 -6 M. [Co(NH3)5Br2+] = 4.3 mM.

In 0.2 M NaClO 4 and 10 mM HClO 4.

!
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Table A-34. Rate Constants for the Reaction of Ru(bpy) 3

with L'Cr(CH2C6H4Br)2+ a

104 x [L'Cr(CH2C6H4Br)2+]/M 10-4 x kobs/S -I

2.34 11.05

2.08 10.3

1.82 8.71

1.56 7.37

1.30 5.53

1.04 4.41

0.78 3.08

0.52 2.0i

0.26 0.795

i

a[RuL3 3+] ,, 8.3 x 10 -6 M. [Co(NH3)5OH23+] - 7.22 mM,

In 0 2 M NaCIO 4 and 10 mM HCIO 4.
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GENERAL SUMMARY

It has been determined in Part I that the reaction of

*Cr(bpy)33+ with oxalate ions occurs via a rate determining

irreve'rsible electron transfer. The mechanism of the reaction

includes a prior ion-pairing equilibrium. The oxalate ions are

oxidized to possibly CO 2 and the unstable CO 2- ion. This last

species reacts with ground state Cr(bpy)33+ to produce more of

the reduced chromium polypyridyl complex.
k

Part II concerned the reaction of [15]aneN4CrR 2+ with the

excited state of Cr(bpy)33+ and with the Ru(bpy)33+ ion. The

reaction with *Cr(bpy)33+ has been determined to proceed via an

electron transfer mechanism as opposed to an energy transfer

mechanism. The reaction between Ru(bpy)33+ and [15]aneN4CrR 2+

proceeds via a rate determining electron transfer to produce the

Ru(bpy)32+ ion and the unstable [15]aneN4CrR 3+ which probably

decomposes by homolysis.
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